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ABSTRACT 
 
Skeletogenesis occurs through both intramembranous ossification, and 
endochondral ossification, the latter of which features a cartilage intermediate. The 
cartilage intermediate is comprised of heterotypic molecules formed from collagens type 
II, IX, and XI. Recently, a number of cell culture and transgenic model studies have 
posited a function for the alpha 1 chain of collagen XI beyond contributing to cartilage 
formation. Further, collagen α1(XI) mutations in humans generate a series of spondylo-
epiphyseal dysplasias, including Stickler syndrome and Marshall syndrome. These 
disorders present clinical skeletal symptoms, including abnormal epiphyseal 
development, irregularity of the margins of the vertebral bodies, thick calvaria, short 
stature, and intracranial calcifications, supporting a more extensive role in skeletal 
formation for collagen α1(XI). These skeletal symptoms are similar to those seen in the 
homozygous chondrodysplasia (cho) mouse model, a functional knockout for collagen 
α1(XI).  
This study investigates the role of the alpha 1 chain of collagen XI at the 
organismal level by quantifying the skeletal abnormalities in the bones of the 
homozygous cho mouse using microcomputed x-ray tomography (micro-CT) analysis. 
Geometric analysis was conducted to quantify the decreases in length and increases in 
width of long bones compared with littermate controls. Rib length and ribcage shape, as 
well as spinal column and vertebral dimensions were also quantified for the homozygous
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cho mouse, heterozygous, and wildtype mice. The absence of a deltoid tuberosity and the 
abnormal formation of vertebral bodies were also described for the first time in the 
homozygous cho mouse. Microarchitectural analysis was conducted on endochondrally 
formed bones of the skeleton and both endochondrally and intramembranously formed 
bones of the skull. Regarding the microarchitecture of the endochondrally formed bones, 
the homozygous cho mouse differs from wildtype mice with respect to trabecular 
thickness, trabecular number, trabecular separation, and trabecular percent bone volume. 
Relative to wildtype, homozygous cho mouse trabeculae are generally increased in 
thickness and number, while decreased in separation. Early homozygous cho mouse 
metaphyseal growth is also characterized by a disorganization in structure, and also 
variation in trabecular percent bone volume with a trend toward increased mineralization 
of the primary spongiosa.  
Craniofacial analysis was completed on both intramembranously and 
endochondrally formed bones. Most intramembranously formed bones of the 
homozygous cho mouse exhibited decreases in all microarchitectural indices except for 
the mesoderm-derived intramembranous parietal bone, which exhibited decreased 
trabecular separation but increased trabecular thickness, number, and trabecular percent 
bone volume. Endochondral craniofacial bones exhibited an increase in trabecular 
thickness and an increase in trabecular separation. These findings are different than the 
results seen in endochondrally formed long bones, ribs, and verebrae of the homozygous 
cho mouse and warrant further investigation.  
In this study, micro-CT proved to be a robust quantitative method to study bone 
and an ideal means to evaluate early skeletal abnormalities during development. 
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Furthermore, the application of micro-CT technology to existing and newly developed 
collagen α1(XI) mouse models will allow for better understanding of collagen XI’s 
function during skeletogenesis at the full skeletal, individual bone, and microarchitectural 
levels. This study supports a structural and signaling role for Collagen α1(XI) in bone 
formation and provides the foundation for future research.
 vii
TABLE OF CONTENTS 
 
ACKNOWLEDGEMENTS....................................................................................................iii 
ABSTRACT ............................................................................................................................. v 
LIST OF TABLES .................................................................................................................. xi 
LIST OF FIGURES ............................................................................................................. xiii 
LIST OF ABBREVIATIONS ............................................................................................... xv 
INTRODUCTION.................................................................................................................... 1 
Bone Formation ........................................................................................................... 2 
Bone Maturation and Remodeling .............................................................................. 4 
Collagen Type XI ........................................................................................................ 5 
Collagen Type XI Mutations....................................................................................... 6 
Human Disorders Involving Collagen XI .................................................................. 7 
Micro-Computed X-Ray Tomography ....................................................................... 8 
EXPERIMENTAL PROCEDURES ..................................................................................... 11 
Mice ............................................................................................................................ 11 
Alizarin Red S / Alcian Blue Staining ...................................................................... 11 
Micro-CT Analysis .................................................................................................... 12 
Statistical Analysis .................................................................................................... 15 
 viii
RESULTS ............................................................................................................................... 16 
Abnormalities of the Cartilage and Bone Are Apparent in Histological Staining of  
Homozygous cho Mouse .............................................................................. 16 
Metaphyses, Diaphyses, and Marrow Cavity of the Homozygous cho Mouse 
Forelimb Bones are Deformed ..................................................................... 16 
Spinal Column and Shape of Individual Vertebrae are Altered in the cho  
Mouse ............................................................................................................. 17 
Ribcage Shape and Individual Ribs are Altered in the Homozygous cho Mouse  19 
Homozygous cho Mouse Cranium is Decreased in Size and the Individual Bones 
are Reduced in Whole Bone Volume ........................................................... 19 
Microarchitecture of the Homozygous cho Mouse Is Altered ................................ 20 
Trabecular Thickness, Trabecular Number, and Trabecular Percent Bone Volume 
are Increased in the Homozygous cho Mouse Forelimb Bones ................. 21 
Trabecular Thickness, Trabecular Number, and Trabecular Percent  
Bone Volume are Increased in the Homozygous cho Mouse Vertebrae ... 21 
Trabecular Thickness, Trabecular Number, and Trabecular Percent  
Bone Volume are Increased in the Homozygous cho Mouse Ribs ............ 22 
There are Microarchitectural Differences in the Craniofacial Bones of the 
Homozygous cho Mouse .............................................................................. 22 
DISCUSSION......................................................................................................................... 24 
REFERENCES ....................................................................................................................... 37 
APPENDIX A ........................................................................................................................ 45 
Figures 
 ix
APPENDIX B ......................................................................................................................... 65 
Tables
 x 
LIST OF TABLES 
 
Table 1.          Mutations Overlap Phenotypically with the Homozygous cho Mouse .......... 66 
Table 2.          Sample Micro-computed X-Ray Tomography Settings .................................. 68 
Table 3.          Bones of the Forelimb are Shorter and Wider in Homozygous cho Mouse ... 70 
Table 4.          Vertebral Separation in Homozygous cho Mouse is Decreased ..................... 71 
Table 5.          Width of Individual Homozygous cho Mouse Vertebrae is Increased Along 
Anterior-Posterior Axis ........................................................................ 72 
Table 6.          Length of Individual Vertebrae is Decreased at Posterior End of cho 
Vertebral Column ................................................................................. 73 
Table 7.          Rib Length Along Dorsal-Ventral Axis is Decreased in Individual cho Ribs 74 
Table 8.          Width of Rib Cage in Homozygous cho Mouse is Decreased at the 
Anterior End .......................................................................................... 75 
Table 9.          Whole Bone Volume is Decreased in cho Craniofacial Bones ....................... 76 
Table 10.        Trabecular Thickness is Increased in Bones of Homozygous cho Mouse 
Forelimb ................................................................................................ 77 
Table 11.        Trabecular Number is Increased in Bones of Homozygous cho Mouse 
Forelimb ................................................................................................ 78 
Table 12.        Trabecular Separation is Decreased in Bones of Homozygous cho Mouse 
Forelimb ................................................................................................ 79
 xi
Table 13.        Trabecular Percent Bone Volume is Increased in Bones of Homozygous 
cho Mouse Forelimb ............................................................................. 80 
Table 14.        Trabecular Thickness is Increased  in Homozygous cho Mouse Vertebrae ... 81 
Table 15.        Trabecular Number is Increased  in Homozygous cho Mouse Vertebrae ...... 82 
Table 16.        Trabecular Separation is Decreased  in Homozygous cho Mouse Vertebrae 83 
Table 17.        Trabecular Percent Bone Volume is Increased  in Homozygous cho Mouse 
Vertebrae ............................................................................................... 84 
Table 18.        Trabecular Thickness is Increased in Homozygous cho Mouse Ribs ............ 85 
Table 19.        Trabecular Number is Generally Increased in Homozygous cho Mouse 
Ribs ........................................................................................................ 86 
Table 20.        Trabecular Separation is Decreased in Homozygous cho Mouse Ribs .......... 87 
Table 21.        Trabecular Percent Bone Volume is Increased in Homozygous cho Mouse 
Ribs ........................................................................................................ 88 
Table 22.        Trabecular Thickness is Altered in Homozygous cho Mouse Craniofacial 
Bones ..................................................................................................... 89 
Table 23.        Trabecular Number is Altered in Homozygous cho Mouse Craniofacial 
Bones ..................................................................................................... 90 
Table 24.        Trabecular Separation is Altered in Homozygous cho Mouse Craniofacial 
Bones ..................................................................................................... 91 
Table 25.        Trabecular Percent Bone Volume is Altered in Homozygous cho Mouse 
Craniofacial Bones ............................................................................... 92 
 xii
LIST OF FIGURES 
 
Figure 1. Endochondral Ossification Occurs Via a Cartilage Intermediate .............. 46 
Figure 2.  Rib Growth Occurs Endochondrally With a Single Secondary Ossification 
Center ................................................................................................ 47 
Figure 3. Intramembranous Ossification is the Direct Conversion of Mesenchymal 
Tissue to Bone................................................................................... 48 
Figure 4. Procedural Schematic of Spinal Column Deformation and Individual 
Vertebral Measurements .................................................................. 49 
Figure 5.  Procedural Schematic of Ribcage Width Measurement ............................. 50 
Figure 6.  Procedural Schematic of Microarchitectural Volumes of Interest for 
Endochondral  Bones of the Appendicular and Axial Skeleton .... 51 
Figure 7.  Abnormalities of the Cartilage and Bone are Apparent in Histological 
Staining of Homozygous cho Mouse  ............................................. 52 
Figure 8.  Forelimb Bones of the Homozygous cho Mouse are Deformed and Lack 
Landmark Features ........................................................................... 53 
Figure 9.  Metaphyses and Marrow Cavity of the Forelimb Bones of the 
Homozygous cho Mouse are Abnormal .......................................... 54 
Figure 10.  Humerus of Homozygous cho Mouse Exhibits Decreased Heterogeneity  
of Bone and Uniform Cylindrical Shape ......................................... 55
 xiii
Figure 11.  Spinal Column and Ribcage Shape and Mineralization are Altered in the 
Homozygous cho Mouse .................................................................. 56 
Figure 12.  Cervical Vertebrae are Altered in Homozygous cho Mouse. ..................... 57 
Figure 13.  Thoracic Vertebrae are Altered in Homozygous cho Mouse ..................... 58 
Figure 14.  Degree of Curvature and Mineralization are Altered in the Ribs of the 
Homozygous cho Mouse .................................................................. 59 
Figure 15.  The Homozygous cho Mouse Cranium is Decreased in Length and    
Width ................................................................................................. 60 
Figure 16.  Trabecular Thickness, Trabecular Number and Trabecular Percent Bone 
Volume are Increased in the Homozygous cho Mouse .................. 61 
Figure 17.  Differentiation of Osteoblasts and Chondrocytes is Dependent on 
Signaling Factors .............................................................................. 62 
Figure 18.  Collagen XI May Function in Early Hydroxy Apatite Nucleation Sites ... 63 
Figure 19.  Collagen XI Arrangement Could Allow for Nucleation of Hydroxy     
Apatite ............................................................................................... 64
  xiv
 
LIST OF ABBREVIATIONS 
 
BV  Bone Volume 
BV/TV Trabecular Percent Bone Volume 
C _  Cervical, 3-7, Vertebra 
cho  Chondrodysplasia Mouse 
E17.5  Embryonic Day 17.5  
HA  Hydroxy Apatite 
L _  Lumbar, 1-2, Vertebra 
T _  Thoracic 1-13, Rib or Vertebra 
Tb.N  Trabecular Number 
Tb.Sp  Trabecular Separation 
Tb.Th  Trabecular Thickness 
TV  Tissue Volume
1 
 
INTRODUCTION 
 
There are two major forms of osteogenesis: endochondral ossification and 
intramembranous ossification. While both types of bone formation involve the 
transformation of mesenchymal tissue into bone, they differ in that endochondral 
ossification involves a cartilage intermediate (Horton, 1990). The cartilage intermediate 
is derived from mesenchymal stem cells, which form condensations that subsequently 
undergo chondrogenesis. During the process of chondrogenesis, chondrocytes secrete a 
cartilage-specific extracellular matrix primarily consisting of the fibrous protein, 
collagen. While 28 types and numerous isoforms of collagen are known, the majority of 
the collagen molecules in cartilage (80%) are collagen II, with collagen IX and XI each 
accounting for 10%. In cartilage, the fibrillar collagens II and XI form a heterotypic 
molecule with collagen IX, a fibril-associated collagen. Collagen XI is critical to the 
formation of these heterotypic cartilage fibrils, as it nucleates their formation and 
regulates their diameter (Holmes & Kadler, 2006, Blaschke, Eikenberry, Hulmes, Galla, 
& Buckner, 2000). However, recent studies also indicate a possible function for collagen 
XI in regulation of bone formation beyond forming this early cartilage intermediate, and 
may support a role in osteoblast function and early bone matrix deposition (Kahler et al., 
2008). 
This thesis aims to outline the evidence supporting a role for collagen XI in bone 
formation as well as apply the latest microcomputed x-ray tomography (micro-CT)
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technology to investigate microarchitectural differences between the homozygous cho, 
heterozygous, and wildtype littermates. Investigation of the microarchitecture of the 
bones in the absence of Col11a1 will indicate what differences at the microarchitectural 
level contribute to the large-scale skeletal differences observed in the homozygous cho 
mouse. Quantifying the changes in the trabeculae of the homozygous cho mouse will 
provide information that, in combination with previously reported and future findings at 
the cellular level, may help determine the role of collagen α1(XI) in fetal bone 
development. 
 
Bone Formation 
 
Endochondral bone formation begins with the deposition of the collagen-rich 
extracellular matrix by chondrocytes (Figure 1). This matrix forms a cartilage 
condensation that remains surrounded by a periphery of undifferentiated mesenchymal 
cells forming the perichondrium. Osteoblast cells form beneath the perichondrium and 
begin to secrete the bone collar on the surface of the cartilage template (Olsen, Reginato, 
& Wang, 2000). Eventually the entire cartilage matrix is resorbed and replaced with bone 
except at the epiphyseal plate (growth plate).  At the epiphyseal plate, chondrocytes 
undergo a stereotypic series of events including proliferation, hypertrophy, calcification 
and death (Olsen et al., 2000). Chondrocytes at the diaphysis of the developing long bone 
undergo further maturation and hypertrophy before exiting the cell cycle (Jacenko et al., 
2002, Horton, 1990). During this time, the hypertrophic chondrocytes express a number 
of gene products including collagen X, alkaline phosphatase, Runx2, osteopontin, and 
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osteocalcin, which stimulate calcification of the cartilage matrix (Kronenberg, 2003; 
Ornitz & Marie, 2002). The calcification of cartilage takes place in the hypertrophic zone 
of the growth plate. The calcification process occurs as capillaries invade the calcified 
hypertrophic cartilage, accompanied by apoptosis of terminal hypertrophic chondrocytes 
(Olsen et al., 2000). The cartilage matrix is then degraded and osteoblasts begin to 
deposit bone on residual calcified cartilage matrix, which forms the trabeculae of the 
primary spongiosa (Olsen et al., 2000).  
Endochondral bone formation is the process by which most of the appendicular 
skeleton is formed. Ribs also form endochondrally, with an epiphysis at each end of the 
bone (Kronenberg, 2003). However, a secondary ossification center forms only at the 
region nearest to the vertebra, while the distal end of the rib grows longitudinally without 
a secondary ossification center, similar to the metacarpals or metatarsals (Kronenberg, 
2003, Figure 2). The bones that constitute the base of the skull also form endochondrally, 
despite their non-linear shapes. Their growth occurs as it does in the appendicular 
skeleton, with the formation of opposed growth plates consisting of proliferating and 
hypertrophic chondrocytes (Kronenberg, 2003). The basisphenoid, exoccipital and 
basioccipital are examples of bones in the skull that form endochondrally (Chai & 
Maxson, 2006). 
The process of intramembranous bone growth differs from that of endochondral 
in that there is not a cartilage intermediate. Instead, intramembranous bone formation 
begins with mesenchymal cells that differentiate into osteoblasts that secrete bony matrix, 
forming a network of spicules and trabeculae (Figure 3). The formation of the 
periosteum, which lines the outside of all bones, occurs through intramembranous 
4 
 
ossification of the perichondrium (Olsen et al., 2000). The growth of the periosteal bone 
collar begins in the middle of the diaphysis and extends longitudinally toward both 
epiphyses, proximally and distally (Olsen et al., 2000). This ossification is carried out by 
osteoblasts that arise from the cells of the periosteum surrounding the cartilaginous core 
through the process of intramembranous ossification (Olsen et al., 2000). 
Intramembranous ossification contributes to the formation of bones in the neurocranium, 
which surrounds and protects the brain, as well as the viscerocranium, which forms the 
face (Chai & Maxson, 2006). Intramembranous growth generates the maxilla, parietal, 
and frontal bones, among others (Chai & Maxson, 2006).  
 
Bone Maturation and Remodeling 
 
As the bone matures, the primary spongiosa is subsequently remodeled to form 
lamellar bone (secondary spongiosa) (Karsenty, 2003). Remodeling occurs throughout 
life and is the process by which bone is continuously repaired through coordinated cycles 
of bone resorption by osteoclasts and bone formation by osteoblasts (Karsenty, 2003). In 
early development, remodeling of the bone leads to radial bone growth through an 
increase in diaphyseal diameter (Karsenty, 2003). This growth is due to deposition of 
new bone at the outer (periosteal) surface accompanied by enlargement of the marrow 
cavity due to resorption exceeding apposition at the inner (endosteal) surface (Karsenty, 
2003). The endosteal remodeling of bone matrix by osteoclasts supports the formation of 
a marrow cavity filled with vessels and hematopoietic cells.  
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Collagen Type XI 
 
Collagen type XI is an essential component of the collagen fibrils within cartilage. 
It is a quantitatively minor member of the fibrillar collagens, which include collagen 
types I–III and V (Van der Rest et al., 1991). Collagen XI is composed of three 
polypeptide chains, called: α1, α2 and α3, the gene products of Col11a1, Col11a2 and 
Col2a1, respectively (Holmes & Kadler, 2006; Fallahi et al., 2005; Davies, Oxford, 
Hausafus, Smoody, & Morris, 1998).  Structurally, collagen XI molecules contain a 
tropocollagen helical domain typical of fibrillar collagens.  The regulatory mechanism of 
collagen XI depends on the large noncollagenous amino terminal domain, which contains 
structural diversity. The structure of collagen XI shares a great deal of similarity with 
collagen II, particularly in the collagen α3(XI) chain, a highly glycosylated version of the 
collagen α1(II). Structural diversity arises in the amino terminal domains of all three of 
the alpha chains of cartilage collagen type XI (Col11a1, Col11a2 and Col2a1) due to 
alternative splicing of the mRNA encoding each of the constituent alpha chains (Davies 
et al., 1998, Medeck, Sosa, Morris, and Oxford, 2003, Blaschke et al., 2000, Oxford, 
Doege, & Morris, 1995, Zhidkova, Justice, and Maine, 1995).  In Col11a1, three 
alternatively spliced exons may generate a total of eight possible protein isoforms 
(Morris, Oxford, Davis, Smoody, & Keane, 2000). A number of these protein splice 
variants have been shown to be differentially expressed both temporally and spatially in 
the developing cartilage. For example, during long bone development, isoform 
expression in the rat humerus shows restriction of the Col11a1 p6b isoform to the 
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cartilage periphery underlying the diaphyseal perichondrium at day 14 (Morris et al., 
2000). Additionally, the transient expression of the Col11a1 p6a78 isoform is associated 
with early chondrocyte differentiation in mesenchymal stem cells (Davies et al., 1998).  
While expressed primarily in cartilage, Col11a1 is also present in non-
cartilaginous tissues including but not limited to brain, heart valve, muscle, tendon, 
placenta, bone, eye, and skin (Fisher, Sterling, Rubio, & Lindblom, 2001, Gregory, 
Oxford, & Chen, 2000, Sandberg, Hirvonen, Elima, & Vuorio, 1993, Mayne, Brewton, 
Mayne, & Baker, 1993, Brown, Lawrence, & Sonenshein, 1991, Yamazaki, Majeska, 
Yoshioka, Moriya, & Einhron, 1997, Niyibizi & Eyre, 1989). Collagen α1(XI)’s presence 
in collagen V extracts from bovine bone tissue indicates that it may also combine with 
alpha chains of other collagen types (Niyibizi & Eyre, 1989). Recently, a role for 
Col11a1 in osteoblast function was suggested in a study in which osteoblast maturation 
was accelerated in the presence of an antisense morpholino oligonucleotide specific for 
Col11a1 and inhibited in the presence of a recombinant fragment of Col11a1 (Kahler et 
al., 2008). These recent findings indicate a potential for the role of Col11a1 in osteoblast 
function and differentiation in addition to the well-established role in assembly of the 
extracellular matrix synthesized by chondrocytes (Kahler et al., 2008). 
 
Collagen Type XI Mutations 
 
The role of collagen XI in development is evident in the chondrodystrophic 
mouse (cho), which displays an autosomal recessive chondrodysplasia as a result of a 
mutation in Col11a1 (Li et al.,1995, Seegmiller, Fraser, & Sheldon, 1971). In the absence 
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of the Col11a1 gene product, an alternate triple helical molecule forms, consisting of 
Col11a2, Col11a3, and Col5a1 gene products (Fernandes, Scott, Seegmiller, & Eyre, 
2007), which is unable to compensate for the functional deficiency caused by an absence 
of Col11a1. The homozygous cho mouse skeletal phenotype is characterized by 
abnormalities in the cartilage of the limbs, ribs, mandible, and trachea including changes 
in the overall dimensions of many of the bones of the skeleton (Li et al., 1995, 
Seegmiller, Ferguson, & Sheldon, 1971).  Further studies have characterized the 
deficiencies in chondrogenesis, epiphyseal cartilage structure, collagen fibrils, cleft 
palate, and auditory function (Seegmiller, Ferguson, & Sheldon, 1972, Seegmiller, 
Cooper, Houghton, & Carey, 1986, Hepworth, Seegmiller, & Carey 1990, Monson & 
Seegmiller, 1981, Seegmiller, Myers, Dorfman, & Horwitz, 1981, Szymko-Bennett, 
Kurima, Olsen, Seegmiller, & Griffith, 2003, Stephens & Seegmiller, 1976). These 
studies have provided insight into the molecular basis of many human disorders caused 
by mutations in Col11a1 (Li et al., 1995). However, none of these studies have quantified 
the microarchitectural changes that underlie the skeletal differences in the homozygous 
cho mouse skeletal phenotype. 
 
Human Disorders Involving Collagen XI 
 
Among the human disorders caused by Col11a1 mutations, are a number of 
human spondylo-epiphyseal dysplasias including chondrodysplasias resulting from 
mutations in the Col11a1 gene: Stickler syndrome and Marshall syndrome (Spranger, 
1998, Griffith et al., 1998). Collagen type XI syndromes present a number of clinical 
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skeletal symptoms such as abnormal epiphyseal development, irregularity of the margins 
of the vertebral bodies, thick calvaria, short stature, and intracranial calcifications 
(OMIM: 154780, 108300, 143200). Transgenic mice that overlap phenotypically with the 
homozygous cho mouse have been generated by targeted deletions of genes encoding 
mediators of signaling pathways and structural constituents of the extracellular matrix 
(Table 1). Within this group are Col2a1, link protein, chondroitin sulfate sulfotransferase 
1, parathyroid-like hormone receptor protein (PTHrP), Indian hedgehog (Ihh), and 
fibroblast growth factor receptor 3 (FGFR3) (Spranger, 1998, Griffith et al., 1998, 
Kluppel, Wight, Chan, Hinck, & Wrana, 2005, Vortkamp et al., 1998, Kronenberg, 2003, 
Razzaque, Soegiarto, Da, long, & Laske, 2005, Delezoide et al., 1998). Phenotypic 
overlap includes changes to trabecular bone density and trabecular thickness, thickened 
bone collar, shortened long bones, cleft palate, abnormal cartilage development, delayed 
bone formation, irregularly organized growth plates, and neonatal lethality due to 
respiratory failure.  
 
Micro-computer X-ray Tomography (micro-CT) 
 
 The recent combination of stereological methods with micro-CT imaging has 
advanced the study of bone and mineralizing tissues (Guldberg, Lin, Coleman, 
Roberston, & Duvall, 2004). Studies can now estimate a number of skeletal 
microarchitectural parameters, including 3D measurements of trabecular thickness, 
number, and separation, as well as measurements of orientation and connectivity 
(Guldberg et al., 2004). While X-ray computed tomography has long been used for 
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clinical diagnostic imaging, it is only recently that advances in micro- and nano-
computed tomography have provided much better spatial resolution, with voxels ranging 
from the micron to nanometer scale (Vatsa et al., 2008; Guldberg et al., 2004). The 
increased high resolution of newer micro-CT systems allows studies to quantify 
parameters of skeletal morphology and mineral density (Ford-Hutchinson, Cooper, 
Hallgrimsson, & Jirik, 2003, Recinos, Hanger, & Scahfer, 2004, Guldberg et al., 2004). 
The studies available due to the recent technological advances include research into the 
onset and progression of osteopenia/ osteoporosis, visualization and quantification of soft 
tissues including vasculature and cartilage, and measurement of bone volume fraction and 
density in fracture calluses (Duvall, Taylor, & Guldberg, 2004, Palmer, Guldberg, & 
Levenston, 2006, Nuzzo et al., 2003, Morgan et al., 2009).  
Important quantitative insights into mechanisms and patterns of normal skeletal 
growth have also emerged from early use of micro-CT. These quantitative methods have 
been used to show correlations between stress and bone growth in the epiphysis, and 
modifications in bone microarchitecture during growth (Tanck, Homminga, van Lenthe, 
& Huiskes, 2001, Lerner, Kuhn, & Hollister, 1998). A recent review of micro-CT 
imaging highlighted potential applications in analyzing skeletal development and growth 
in humans and animal models (Guldberg et al., 2004). Studies of transgenic mouse 
models are a particularly promising application of micro-CT technology. This is because 
transgenic mouse models targeting specific genes important during skeletogenesis have 
already been created or discovered for parathyroid-like hormone (PTH), Runx2/cbfa1, 
osteoprotegerin (OPG), Indian hedgehog (Ihh), fibroblast growth receptor 3 (FGFR3), 
and RANKL among others (McCauley, 2001).  
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The relatively high throughput, nondestructive, 3D, and quantitative nature of 
micro-CT analysis makes it ideal for efficient characterization of skeletal phenotypes 
(Guldberg et al., 2004). Qualitatively described mouse skeletal phenotypes, such as the 
homozygous cho mouse model previously mentioned, are ideal candidates for new 
analysis using micro-CT to quantitatively describe the progression of ossification and 
microstructural indices. Transgenic mouse models with postnatal mortality can also be 
analyzed effectively using micro-CT on fetal samples, where size complicates standard 
histological analysis (Guldberg et al., 2004). The emergence of micro-CT as a robust 
quantitative method to study bone provides a new means to evaluate early skeletal 
abnormalities during development as well as mechanisms of age- or disease-related bone 
loss. The application of micro-CT technology to existing and newly developed collagen 
XI transgenic mouse models will allow for better understanding collagen XI’s effect 
during skeletogenesis at the full skeletal, individual bone, and microarchitectural levels.  
The use of micro-CT in this study provides a means to assess the changes in bone 
formation in the absence of collagen α1(XI). This method of quantification using micro-
CT at the organismal level is an important step in determining the mechanism of collagen 
α1(XI) in bone formation. Thus far, application of micro-CT technology to fetal mouse 
models has been underutilized due to resolution limitations. This thesis aims to address 
such limitations and present micro-CT as a new method for investigating fetal bone 
formation. The use of micro-CT to quantify the effect of the loss of collagen α1(XI) on 
microarchitectural bone formation in the homozygous cho mouse is a critical step in 
connecting the large-scale skeletal changes seen in the homozygous cho mouse with the 
actions of Col11a1 at the cellular and molecular level.
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EXPERIMENTAL PROCEDURES 
Mice 
One homozygous cho mouse and four control wildtype or heterozygous 
littermates were used in this study.   Timing of gestation was determined using the 
vaginal plug method with the day of conception referred to as day 0 and day 1 beginning 
24 hours later (Seegmiller et al., 1971). Mouse embryos were genotyped at E17.5 days as 
previously described (Li et al., 1995). Briefly, PCR amplification and polyacrylamide gel 
electrophoresis were used to distinguish homozygous, heterozygous and wildtype based 
on the cho mutation, a 1 nucleotide deletion within Col11a1 (Li et al., 1995). 
Homozygous cho mice were defined as mice homozygous for the cho mutation, a 
deletion of a cytidyl residue, causing a premature translational stop about 570 nucleotides 
downstream of the initiation codon of α1(XI) collagen. Mice were cared for according to 
IACUC approved animal care protocols at Boise State University. Mice used in this study 
were derived from the original cho mutant line and were the offspring of a heterozygous 
cross (Seegmiller et al., 1971; Seegmiller et al., 1972). 
 
 
Alizarin Red S / Alcian Blue Staining 
 
Embryos were stained with Alcian blue (0.1 mg/ml Alcian blue, 3.33M glacial 
acetic acid in ethanol) then fixed in 90% ethanol by Linda Mercer at Boise State
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University. Once rehydrated, embryos were cleared with a 1% potassium hydroxide 
solution and stained with Alizarin red S (0.01 mg/ml Alizarin red S, 0.18M potassium 
hydroxide). Embryos were stored in glycerol and imaged using a Zeiss Stemi SV 11 Apo 
(Carl Zeiss MicroImaging, Inc.). 
 
Micro-CT Analysis 
 
The whole body Alizarin red S and Alcian blue stained samples were scanned 
with a SkyScan 1172 (MicroPhotonics, Aartselaar, Belgium) by Timothy Sledz at 
MicroPhotonics Inc. using standard system, acquisition, and reconstruction settings 
(Table 2). Data sets were generated with a 1.7µm3 isotropic voxel size using an 
acquisition protocol that consisted of x-ray tube settings of 40 kV and 250 µA, exposure 
time of 0.147 seconds, six-frame averaging, a rotation step of 0.300 degrees, and 
associated scan times were approximately 33 minutes per sample. Following scanning, a 
two-dimensional reconstruction stage was used to produce 960 serial 1400 x 1400 pixel 
cross-sectional images. All image datasets were transferred to a Precision Workstation 
490, running 64-bit Windows XP with 4.00 GB RAM, 2x Intel® Xeon® CPU 5160 at 
3.00GHz and 768 MB of video memory (Dell, Inc., Round Rock, TX). Workstations 
were provided by the Three-dimensional (3D) Visualization Lab at Boise State 
University. 
3D models were reconstructed using a fixed threshold to analyze the mineralized 
bone phase using SkyScan CT Volume (CTVol) software (MicroPhotonics, Aartselaar, 
Belgium). A light Gaussian filter (σ=1.0, kernel=3) to remove high frequency noise 
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followed by an adaptive threshold was used to segment the 3D images, which were 
visually checked to confirm inclusion of complete volume of interest.  
Gross geometric measurements were performed using Avizo software (Mercury 
Computer Systems, SAS, Burlington, MA). Measurements of long bones included 
humerus, radius and ulna. Comparisons of shape and cross-sectional area were conducted 
at the distal metaphysis, midpoint of the diaphysis and proximal metaphysis. Length of 
each long bone was measured from the extreme mineralized margins at the caudal side of 
each bone. Spine measurements were determined for the maximum number of vertebrae 
included in a single data set at the described scanning settings. For both homozygous cho 
mouse and control animals, the C4 to L2 vertebrae were included in this study (Figure 4). 
Geometric measurements of width along the anterior-posterior axis in individual 
vertebrae and separation between vertebrae along the anterior-posterior axis were taken 
from the centroid and extreme edge of each vertebra, respectively (Figure 4). 
Measurements of rib cage width and shape were taken from the centroid of each rib 
across the width of the rib cage, perpendicular to the dorsal-ventral axis (Figure 5). 
Length of ribs was from the centroid of the rib from the dorsal end of the rib to the 
ventral end of the rib. Volumetric measurements of select craniofacial bones were 
calculated by Jackie Keilty at Boise State University using Mimics software (Materialise, 
Leuven, Belgium). Each of the bones was segmented individually using a standard threshold 
value of 1433, determined using histogram values implemented into Mimics to define bone. 
CT Analyzer (CTAn) software (MicroPhotonics, Aartselaar, Belgium) was used 
to determine trabecular thickness (Tb.Th), trabecular number (Tb.N) and trabecular 
separation (Tb.Sp) (Parfitt et al., 1997, Ulrich, van Rietbergen, Laib, & Rüegsegger, 
1999, Hildebrand & Rüegsegger, 1997, Lorensen & Cline, 1997).  Tb.Th, Tb.N, and 
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Tb.Sp measurements were performed on three-dimensional whole bone models of 
vertebrae, ribs, and the humerus in CTAn. Bone volume (BV) was calculated based on 
the hexahedral marching cubes volume model of the binarized objects within the volume 
of interest and the faceted surface of the marching cubes volume model, respectively 
(Lorensen & Cline, 1997). Total tissue volume (TV) was defined as the volume of the 
entire scanned sample. Trabecular bone volume fraction (BV/TV) was calculated from 
BV and TV values. All ribs (7 true, 6 false) and select vertebrae (7 cervical, 13 thoracic, 
and 2 lumbar) were analyzed, and are presented in this study.  
Microarchitectural volumes of interest in vertebrae were defined as the entire 
trabecular volume contained within the ventral ossification center of each vertebra 
(Figure 6). Microarchitectural volumes of interest in ribs were defined as the entire 
trabecular volume contained within the ossification center at the proximal end of each rib 
(Figure 6).  Microarchitectural volumes of interest in long bones were defined as the 
entire trabecular volume contained within the region defined as the metaphysis (Figure 
6). The metaphysis was visually defined in wildtype and heterozygous mice based on the 
presence of trabeculae and proximity to the epiphysis. The metaphysis for each long bone 
was analyzed starting at the epiphysis and extending towards the midpoint of the 
diaphysis in 100 slices (~170 um).  
In homozygous cho mouse samples where trabeculae and landmark structures 
were absent, the metaphysis was defined using the measurements of the wildtype 
metaphysis. Metaphyseal regions in the homozygous cho mouse were defined using 
geometric measurements of the location of metaphyseal regions in wildtype bones, scaled 
for the differences in the size of the bones between wildtype, heterozygous, and cho 
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mice. Microarchitectural volumes of interest in parietal, frontal, exoccipital and basioccipital 
craniofacial bones were selected at a central point of the bone, equidistant from the 
mineralized edges of the bone. In the mandible, the volume of interest was selected in the 
trabeculae of the ramus, posterior to the mandibular notch. 
 
Statistical Analysis 
 
No differences were detected in size and skeletal microarchitecture between the 
heterozygous and wildtype littermates at E17.5. Therefore, 95% confidence intervals 
were determined for geometric and microarchitectural measurements using pooled data 
from all normal littermates, both heterozygous and wildtype, with respect to the cho 
mutation. Homozygous cho mouse measurements were considered to be different from 
normal measurements only if the values fell outside of the 95% confidence interval. 
Where possible, values are presented as mean ± standard deviation in tables.
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RESULTS 
 
Abnormalities of the Cartilage and Bone Apparent in Histological Staining of 
Homozygous cho Mouse 
 
Alcian blue and alizarin red staining showed deformity of bones as previously 
reported, with deformations in the shape and size of the primordial cartilage (Seegmiller 
et al., 1972).  Dwarfism was evident, as well as a marked decrease in heterogeneity 
between the trabecular and cortical bone relative to that of the heterozygote and wildtype 
embryos. The skeletal deformities characteristic of the homozygous cho mouse, including 
shortened, wider limb bones, shortened snout, small thoracic cage, and shortened spine, 
were clearly visible (Figure 7).  
 
Metaphyses, Diaphyses, and Marrow Cavity of the Homozygous cho Mouse 
Forelimb Bones Deformed 
 
The homozygous cho mouse humerus exhibited an abnormally cylindrical shape 
atypical of a normal developing humerus, and lacked the deltoid tuberosity seen in the 
heterozygous and wildtype mice (Figure 8).  In agreement with previous reports, the 
humerus of the mutant mouse appeared wider, and varied in width from control mice at 
all points analyzed including the distal metaphysis, the diaphysis, and the proximal
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diaphysis (Figure 9). Cross-sectional area at the diaphysis was found to be 80% greater 
than that of wildtype (Figure 10, Table 3). The cross-sectional area at the proximal 
metaphysis of the homozygous cho mouse was 56% greater and at the distal metaphysis 
was 26% greater than that of heterozygous and wildtype mice (Table 3). All homozygous 
cho mouse long bones selected were significantly shorter than their heterozygous and 
wildtype mice counterparts. These included the humerus, radius and ulna, which were 
decreased in length by 45%, 54% and 48%, respectively (Table 3). An irregular surface 
was apparent in the homozygous cho mouse long bones, and there was an increased 
homogeneity of bone tissue with less distinction between cortical and trabecular bone 
compared to heterozygous and wildtype littermates (Figures 9 and 10). Long bones of the 
homozygous cho mouse have previously been described as having an absence of a 
marrow space. However it may be more accurate to state that in the cho humerus there is 
a condensation of mineralized bone at the proximal metaphysis and an absence of defined 
trabecular structure at the distal metaphysis (Figures 9 and 10). 
 
Spinal Column and Shape of Individual Vertebrae Altered in the Homozygous cho 
Mouse 
  
As in previous reports, the spinal column of the homozygous cho mouse embryo 
was not curved to the same extent as the heterozygous and wildtype mice in the cervical-
thoracic and lumbar-sacral vertebral regions (Figure 11) (Seegmiller et al., 1972). 
Additionally, there appeared to be decreased mineralization toward the posterior end of 
the homozygous cho mouse spinal column relative to controls (Figure 11). The 
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differences in length of the homozygous cho mouse spine were due primarily to a 
decrease in separation between the vertebrae (Tables 4 and 5). The individual vertebrae 
of the homozygous cho mouse differ in a number of ways from the heterozygous and 
wildtype vertebrae. The vertebral arches of the vertebrae in the homozygous cho mouse 
exhibit a different degree of curvature resulting in a more round than ovoid shape of the 
developing vertebrae. In addition, the periosteal surface appeared uneven in homozygous 
cho mouse vertebrae. The cervical vertebrae of the homozygous cho mouse were 
identifiable based on similar gross morphology compared to heterozygous and wildtype 
mice, however the transverse processes appeared abnormal (Figure 12). In the thoracic 
vertebrae, gross morphology was similar enough between heterozygous and wildtype 
mice and homozygous cho mouse for the identification of each vertebrae, but the 
vertebral bodies were markedly abnormal. The vertebral bodies in all thoracic vertebrae 
of the homozygous cho mouse were reduced in size and altered in shape, particularly in 
vertebrae T5 and T8-11, which have multiple mineralized elements where the vertebral 
bodies were formed in the heterozygous and wildtype mice (Figure 13). Compared to the 
heterozygous and wildtype mice, the homozygous cho mouse vertebrae decreased in 
width as measured along the anterior-posterior axis of individual vertebrae, and decreased 
in separation along the anterior-posterior axis of the whole spinal column (Tables 4 and 
5). The majority of vertebrae of the homozygous cho mouse were shorter in dorsal-
ventral length compared to heterozygous and wildtype mice (Table 6).  
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Ribcage Shape and Individual Ribs Altered in the Homozygous cho Mouse 
 
All ribs in the homozygous cho mouse were decreased in length along the dorsal-
ventral axis (9.2 - 46%), and a majority of those differences fell outside the 95% 
confidence intervals for heterozygous and wildtype values (Figure 14, Table 7). The 
homozygous cho mouse  ribcage was reduced in size and altered in shape, and displayed 
the same trend as the spinal column of decreased mineralization towards the posterior end 
of the ribcage, particularly at the ventral end of each rib, where metaphyseal regions were 
increasingly less-defined (Figure 11). The primary difference in shape between the 
homozygous cho mouse, heterozygous, and wildtype ribcages was the narrowing towards 
the anterior end in the homozygous cho mouse. This shape change may be attributed to 
the greater degree of curvature in the ribs (Figure 14). The width of the ribcage from T1-
T5 was significantly reduced (14 – 32%) in the homozygous cho mouse, which led to a 
less ovoid ribcage shape, while the remaining ribs were approximately the same width as 
that of the heterozygous, and wildtype mice (Table 8). 
 
Homozygous cho Mouse Cranium Decreased in Size and Individual Bones Reduced 
in Whole Bone Volume 
.  
The reported characteristics of the homozygous cho mouse also include dwarfed 
skull elements in addition to the skeletal differences described above. Primary differences 
in the skull of the homozygous cho mouse that have been reported previously and 
observed in this study include the decrease in cranial length from the tip of the nasal bone 
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to back of the parietal bone and width from left to right parietal bones relative to the 
control littermates (Figure 15). Volumetric differences of the whole bones are reported 
for select craniofacial bones, including the mandible, frontal, parietal, basioccipital, and 
exoccipital. The exoccipital and basioccipital bones that form part of the neurocranium 
were mineralized in the homozygous cho mouse. However, both the endochondrally-
formed basioccipital and exoccipital bones are decreased in whole bone volume in the 
homozygous cho mouse (Table 9). Additionally, the bones of the viscerocranium, 
including the mandible, maxilla, and premaxilla, were decreased in length along the 
anterior-posterior axis, resulting in the shortened snout characteristic of the homozygous 
cho mouse. Intramembranously formed bones showed a decrease in whole bone volume 
(Table 9), particularly in the parietal bone, where the homozygous cho mouse exhibited a 
84% decrease in whole bone volume relative to the wildtype (Table 9, Figure 15). 
 
Microarchitecture of the Homozygous cho Mouse Altered 
 
Qualitative differences were apparent in the trabecular bone between 
heterozygous and wildtype mice and the homozygous cho mouse (Figure 16). 
Quantitative changes in the trabecular bone of the humerus, radius, ulna, vertebrae  C3-
L2 and ribs T1-T13 are presented in Tables 10-25. Microarchitectural indices describing 
trabecular thickness, number, and separation, and trabecular percent bone volume 
(trabecular bone volume/tissue volume, BV/ TV) are presented as quantitative 
descriptions of the changes previously described in both this study and others (Seegmiller 
et al., 1971, 1972, 1981, 1986, Monson & Seegmiller, 1981).  
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Trabecular Thickness, Trabecular Number and Trabecular Percent Bone Volume 
Increased in the Homozygous cho Mouse Forelimb Bones 
 
Analysis of microarchitectural indices at the proximal metaphysis of the humerus, 
ulna, and radius showed differences in trabecular thickness, trabecular number, and 
trabecular percent bone volume in the homozygous cho mouse compared to control 
littermates (Table 10, 11, 13). In the homozygous cho mouse, there is an increase in 
trabecular thickness and number, as well as trabecular percent bone volume compared to 
heterozygous and wildtype littermates. While consistently decreased in samples, the 
difference in trabecular separation did not fall outside the 95% confidence interval for 
control values (Table 12).   
 
Trabecular Thickness, Trabecular Number and Trabecular Percent Bone Volume 
Increased in the Vertebrae of the Homozygous cho Mouse 
 
Trabecular thickness in the earliest presumptive ossification center of each 
vertebra was increased in all homozygous cho mouse vertebrae (Table 14). Trabecular 
number was also increased in all homozygous cho mouse vertebrae, however some were 
only moderately increased (Table 15). Similar magnitude of difference was seen in both 
the decrease in trabecular separation and the increase in trabecular percent bone volume 
(Table 16, 17). Trabecular percent bone volume decreased in T12-L2, as the vertebrae 
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towards the posterior end tended to be less mineralized compared to the more anterior 
vertebrae, which exhibited more consistent mineralization throughout (Table 17). 
 
Trabecular Thickness, and Trabecular Number Increased in the Ribs of the 
Homozygous cho Mouse 
 
 The ribs exhibited a qualitative trend of apparent decreased bone formation 
towards the ventral ends of the more posterior ribs, particularly ribs T10-T13. As such, 
results were less consistent in the ribs than in the other sampled trabeculae of the 
homozygous cho mouse. Despite this, trabecular thickness in the ribs of the homozygous 
cho mouse was increased in all samples relative to control littermates (Table 18). 
However, the general increase in trabecular number and decrease in trabecular separation 
throughout the ribs of the homozygous cho mouse, were not consistently outside the 95% 
confidence interval for control values (Tables 19 and 20). Trabecular percent bone 
volume was generally increased in the rib samples but not consistently to the extent that 
would distinguish them from control mice (Table 21). 
 
Microarchitectural Differences in the Craniofacial Bones of the Homozygous cho 
Mouse 
 
Micro-CT structural indices of trabecular separation, trabecular number, 
trabecular thickness, and trabecular percent bone volume are reported for select bones of 
the skull of control and homozygous cho mice. Bones were considered separately by type 
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of ossification, either endochondral (basioccipital, exoccipital) or intramembranous 
(parietal, mandible, frontal). In addition, while all endochondral bones came from a 
mesodermal origin, the intramembranous bones can be further divided into 
developmental origins from cranial neural crest (mandible, frontal) or mesoderm 
(parietal). Similar to the other endochondrally formed bones of the skeleton, the 
endochondral craniofacial bones exhibited an increase in trabecular thickness (Table 22). 
However, no clear trend in either trabecular number or trabecular percent bone volume 
can be reported (Tables 23 and 25). Also, trabecular separation in the endochondral 
craniofacial bones of the homozygous cho mouse was increased, contrasting with the 
general decreases in trabecular separation reported for the vertebrae, ribs, and long bones 
of the homozygous cho mouse (Table 24). The cranial neural crest-derived 
intramembranously formed bones of the homozygous cho mouse exhibited decreases in 
all microarchitectural indices (Tables 22-25). Interestingly, the mesoderm-derived 
intramembranous parietal bone, which is reduced in whole bone volume by 85% relative 
to the heterozygous and wildtype mice, exhibited decreased trabecular separation but 
increased trabecular thickness, number, and trabecular percent bone volume (Tables 22-
25).
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DISCUSSION 
 
This study quantified the skeletal abnormalities of the homozygous cho mouse 
while considering new characteristics at the whole bone and microarchitectural level. The 
long bones, spinal column, and ribcage were all altered in shape and size. The long bones 
were markedly shorter and wider, with an absence of trabecular bone at the proximal 
metaphysis and disorganized trabecular and cortical bone structure throughout the bone. 
The long bones were also abnormally cylindrical, with an absence of a developing 
marrow space. The vertebrae of the homozygous cho mouse featured rounder vertebral 
arches with abnormal transverse processes. The spine of the homozygous cho mouse was 
shortened, likely a result of decreased distance between vertebrae attributable to improper 
formation of cartilaginous vertebral discs. Additionally, cartilage abnormalities are 
evident in the deformation and orientation of the limbs which appear to be a result of 
anomalous development. Neonatal lethality in the homozygous cho mouse due to 
asphyxiation is supported by the decreased width of the rib cage anteriorly. Ribs in the 
homozygous cho mouse are curved to a greater degree near the vertebral column and are 
shorter overall, contributing to the flat appearance of the rib cage. Microarchitectural 
changes in the homozygous cho mouse, particularly a thickening of the trabeculae, were 
quantified for the first time. Another novel result is the absence of landmark structures 
such as the deltoid tuberosity in the humerus and the abnormally formed vertebral bodies. 
These features along with previously described homozygous cho characteristics are
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similar to those found in the skeletal phenotypes of other gene mutations. The 
homozygous cho skeletal phenotype supports a structural and signaling role for collagen 
α1(XI) in bone formation similar to that of other molecules critical to bone formation.  
Among the mutations with a similar skeletal phenotype to the homozygous cho 
mouse are a number which present an absence of the deltoid tuberosity. These mutations 
include transforming growth factor β receptor 2 (TGFR2), bone morphogenic protein 7 
(BMP7), bone morphogenic protein receptor 1b (BMPR1b ), crossveinless-2 (CV2), and 
PTH/PTHrP (Sanford et al., 1997, Spranger, 1998, Bandyopadhyay et al., 2006,  Ikeya et 
al., 2006, Yoon et al., 2000, Miao, He, Karaplis, Goltzman, 2002, Yi, Daluiski, Pederson, 
Rosen, Lyons, 2000).  
Knockout mice for transforming growth factor TGF-β2, which binds to TGFR2, 
present multiple developmental defects that overlap phenotypically with homozygous cho 
mouse abnormalities (Sanford, LP 1997). The dysplastic widened, flaring, and poorly 
mineralized metaphyses seen in TGFR2 are similar to the long bone abnormalities 
presented in this study. Mutations in TGFR1, another receptor in the TGFβ receptor 
family results in increased bone density with metaphyseal and/or diaphyseal involvement 
(Spranger, J 1998). While the TGFβ signaling pathway is involved in a number of 
processes in development, including cell growth, cell differentiation, and apoptosis, of 
particular interest in this study is its relation to bone formation.  
BMPs 2-7, which are critical to formation of bone and cartilage, are members of 
the TGFβ superfamily of proteins and are regulated by TGFβ signaling pathways. An 
understanding of the BMP and TGFβ signaling pathways has been possible because of 
the transgenic mouse models that have been developed for a number of BMPs as well as 
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their inhibitors, such as noggin and chordin (Bandyopadhyay et al., 2006). One of these 
models is the Col11a2-BMP4 transgenic mouse, which exhibits directed expression of 
BMP4 in the mesenchymal condensation and cartilage (Okamoto, Murai, Yoshikawa, & 
Tsumaki, 2006). In the Col11a2-BMP4 mouse, there are thickened trabeculae and the 
epiphyseal cartilage of the humerus is widened compared to wildtype (Okamoto et al., 
2006). Additionally, the diaphyses undergoing mineralization were also widened, 
accompanied by the observation of thickened trabecular bone in the marrow cavities in 
the Col11a2-BMP4 mouse. This may be the result of an expanded cartilage template. In 
the absence of Col11a1, an expansion of cartilage anlagen may have been induced 
leading to a widening of bone diameter and thickening of primary trabeculae as seen in 
the Col11a2-BMP4 mouse. The presence of large ossification centers with thick 
trabeculae in Col11a2-Bmp4 transgenic mice also might be the result of an expanded 
cartilage template, and these large ossification centers appear similar to the disorganized 
mass seen in the humerus of the homozygous cho mouse in the current study. 
The function of BMPs are also affected by the presence of molecules such as 
noggin and chordin, two inhibitors in the BMP pathways. In the Col1a1-noggin 
transgenic mouse, which over expresses noggin in developing bone, there is a thickening 
of trabecular bone and elimination of marrow cavities in cortical bone (Okamoto et al., 
2006). While noggin binds and inhibits BMPs, it appears that the phenotype of the 
Col1a1-noggin and Col11a2-BMP4 mice are examples of temporal and tissue dependent 
BMP expression. This is because both BMP over expression in mesenchymal 
condensations and cartilage and decreased BMP expression via noggin over expression in 
developing bone, result in a similar trabecular and bone phenotype (Kamiya et al., 2008, 
27 
 
Okamoto et al., 2006). The data collected here suggest an interaction between Col11a1 
and the BMP-noggin signaling pathway. 
Additional insight into possible interactions between Collagen XI and the BMP 
signaling pathway are presented in recent studies of vertebrate Crossveinless-2 (CV2), a 
secreted protein that can potentiate or antagonize BMP signaling (Ikeya et al., 2006). As 
previously mentioned, mice with a mutated CV2 lack the deltoid tuberosity, similar to the  
lack of a deltoid tuberosity in the homozygous cho mouse presented in this study. The 
phenotypic overlap between CV2 mutations and Col11a1 mutations is not limited to the 
deltoid tuberosity. CV2 mutants have a number of major trunk defects, minor head 
deformities in cartilage and bones and severe defects in both the axial and appendicular 
skeleton. Research indicates that the CV2/Chordin interaction may help coordinate BMP 
diffusion to the ventral side of the embryo. This is particularly interesting in relation to 
the homozygous cho mouse phenotype, which exhibits decreased mineralization at the 
ventral ends of the ribs and within the vertebral bodies. These features may be indicative 
of an effect on BMP diffusion in the absence of proper Col11a1 function. 
The dependence of both osteoblast and osteoclast function and development on 
BMP and noggin activity also presents a possible link for Col11a1 to those cell types. 
Support for Col11a1’s function in bone formation is not only dependent on quantifying 
changes at the whole bone and microarchitectural level of the skeleton, but also on 
evidence collected at the cellular level. Studies of osteoblasts and osteoclasts, which 
deposit and resorb bone respectively, are of particular importance in supporting a 
function for Col11a1 in the context of bone and mineralizing tissues. Phenotypic overlap 
between Col11a1 mutations and genes encoding mediators of signaling pathways may 
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indicate a role for Col11a1 in the cellular response to a cytokine or growth factor during 
bone formation. A signaling role for collagen α1(XI) in mineralization would likely 
impact osteoblast function either directly or indirectly through signaling pathways 
involving molecules such as PTH, Runx2, osteoprotegerin (OPG), Indian Hedgehog 
(Ihh), fibroblast growth factor receptor 3 (FGFR3), or RANK ligand (RANKL) (Figure 
17). In a recent study of osteoblast function, osteoblast maturation was accelerated in the 
presence of an antisense morpholino oligonucleotide specific for Col11a1 (Kahler et al., 
2008). In a complimentary manner, osteoblast maturation was inhibited in the presence of 
a recombinant fragment of Col11a1 (Kahler et al., 2008). These recent findings indicate 
the potential for a role in osteoblast function and differentiation in addition to the well-
established role in assembly of the extracellular matrix synthesized by chondrocytes 
(Kahler et al., 2008). 
Further support for a role in osteoblast function may be found in the apparent 
differences in endosteal and persiosteal bone formation in the long bones of the 
homozygous cho mouse. In normal bone formation, endosteal remodeling of bone matrix 
by osteoclasts supports the formation of a marrow cavity (Karsenty et al., 2003). In the 
homozygous cho mouse, previous characterizations describe a lack of development of a 
marrow space within the developing trabecular region of long bones. A dysregulation of 
osteoclast function may be the underlying cause of this characteristic in the homozygous 
cho mouse, as the development and enlargement of the marrow cavity is due to resorption 
exceeding apposition at the inner (endosteal) surface of the bone (Olsen et al., 2000). The 
endosteal remodeling of bone matrix by osteoclasts and the deposition of new bone at the 
outer (periosteal) surface by osteoblasts also leads to radial bone growth through an 
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increase in diaphyseal diameter (Olsen et al., 2000). Long bones of the cho forelimb 
exhibit increases in bone diameter at the epiphyses, metaphyses, and diaphyses. These 
increases in bone diameter appear to be related to increased cortical bone growth. 
However, because there is a decrease in the heterogeneity between cortical and trabecular 
bone in the homozygous cho mouse, attributing increased width of long bones as an 
increase in cortical bone or trabecular bone is difficult. 
Along with changes in the width of metaphyses in the homozygous cho mouse in 
this study, there is a condensation of mineralized bone at the proximal metaphysis and an 
absence of defined trabecular structure at the distal metaphysis of the bones of the 
homozygous cho mouse forelimb. This phenotype is also seen in PTH/PTHrP knockout 
mutants, which exhibit enlarged and expanded ends of the tubular bones (Miao et al., 
2002). Further similarities to the homozygous cho mouse phenotype in PTH/PTHrP 
knockout mice are short limb dwarfism and severe growth plate abnormalities (Miao et 
al., 2002). PTH is the calcium regulating parathyroid hormone, which shares a receptor 
with PTHrP, a protein secreted by early proliferative chondrocytes during fetal life by 
perichondrial cells at the ends of the developing cartilage model (Kronenberg, 2003). 
PTHrP functions to maintain the organization of the growth plate in developing long 
bones by keeping proliferative chondrocytes in their region (Kronenberg, 2003). As a 
result, PTH/PTHrP receptors are expressed at low levels by proliferating chondrocytes 
and at high levels by prehypertrophic/early hypertrophic chondrocytes (Kronenberg, 
2003). Maintenance of this gradient is dependent on expression of Ihh (Kronenberg, 
2003). The stimulation of PTHrP production at the ends of long bones by Ihh is what 
maintains the growth plate (Amizuka et al., 2004). The mineralized condensation of bone 
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at the metaphysis in homozygous cho mice is indicative of disorganization of the growth 
plate, a characteristic of the homozygous cho mouse. In Ihh knockout mice, there is 
dwarfism in the limbs similar to that seen in the homozygous cho mouse (St-Jacques, 
Hammerschmidt, & McMahon, 1999). However, unlike the homozygous cho mouse, 
there is no endochondral bone formation at all in Ihh knockout mice as they do not have 
osteoblast formation in either the primary spongiosa or the bone collar of bones formed 
by endochondral ossification (St-Jacques et al., 1999). Intramembranous bone formation, 
particularly in the skull, is delayed in Ihh knockout resulting in similar ossification 
patterns of intramembranous skull bones as those reported in this study.  
The dependence of osteoblast differentiation on Ihh expression is also evidence of 
the importance of signaling by early prehypertrophic cells underlying the perichondrium 
at the midpoint of the diaphysis (St-Jacques et al., 1999). Many have speculated on the 
involvement of collagen XI isoforms in the complex cross-talk between the signals of the 
perichondrium and chondrocytes during embryonic development due to the localization 
of the expression patterns in bone formation (Morris et al., 2000; Chazaud, Bouillet, 
Oulad-Abdelghani, & Dolle, 1996; Lanske et al., 1996; Vortkamp et al., 1996; Serra et 
al., 1997; von Schroeder & Heersche, 1998; St-Jacques et al., 1999). A potential role for 
collagen XI in these signaling events would be particularly significant, as early events in 
the process of endochondral ossification, including chondrocyte hypertrophy, formation 
of the bony collar, and initial vascular invasion, all share an origin in the midpoint of the 
diaphysis of developing bone.  
Support for a role in the early events in the process of endochondral ossification is 
found in the transient expression of Col11a1 p6a78 isoforms. The Col11a1 p6a78 isoform 
31 
 
expression pattern is associated with early chondrocyte differentiation through 
prechondrogenic mesenchyme with a noted gradual decrease after day 16 in 
development, and also in mesenchymal stem cells during chondrogenesis (Davies et al., 
1998). During long bone development, isoform expression in the rat humerus shows 
restriction of the Col11a1 p6b isoform to the cartilage periphery underlying the 
diaphyseal perichondrium at day 14 (Morris et al., 2000). Conversely, the p6a isoform is 
found predominantly in the proximal rib, which becomes bone, and is scarce or absent 
from the distal end of the rib, which becomes permanent cartilage (Morris et al., 2000, 
Davies et al., 1998). These restrictions occur prior to primary ossification, and this spatial 
separation is particularly noteworthy in comparison to the otherwise general distribution 
of type XI collagen in fetal rat rib cartilage, suggesting a link between endochondral 
ossification and the expression patterns of the p6a and p6b isoforms.  
A signaling role similar to Ihh for collagen α1(XI) is possible due to its amino 
propeptide domain, a structure common to at least 16 other collagen a chains, which 
contains an ‘‘LNS’’ domain, a structure common in the laminin, neurexin, and sex 
hormone binding globulin (Fallahi et al., 2005). Although occasionally removed by 
proteolysis in some cases, the amino propeptide domain of collagen XI can be retained on 
the surface of collagen fibrils in embryonic tissues for an extended period of time (Thom 
& Morris,1991). Its proximity to the surface allows for its role in regulating fibril growth 
(Thom & Morris, 1991; Keene, Oxford, & Morris, 1995). Additionally, because it 
extends from the surface of the collagen fibril, it is available for interactions with Ihh and 
other signaling molecules in the intercellular space near the perichondrium (Holmes & 
Kadler, 2006, Davies et al., 1998).  
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The relationship between PTHrP and Ihh in maintenance of growth plate and 
early bone formation, the reports of spatial and temporal expression patterns for Col11a1 
isoforms, and the results of the current study present a potential function for collagen 
α1(XI) in endochondral bone microarchitecture. A microarchitectural effect related to 
PTH, PTHrP and Ihh signaling is particularly promising because of the impact of PTH on 
bone microarchitecture. As previously mentioned, PTH knockout mice have phenotypic 
overlap with homozygous cho mice. In addition, PTH-deficient mice demonstrate 
diminished cartilage matrix mineralization, and reduced trabecular bone. PTH/PTHrP 
compound mutants display the combined cartilaginous and osseous defects of both single 
mutants, resulting in a phenotype of short limb dwarfism with wide bones, similar to that 
of the homozygous cho mouse. These results demonstrate an essential function for PTH 
at the cartilage-bone interface and support the idea that normal fetal skeletal 
morphogenesis requires both PTH and PTHrP function (Amizuka et al., 2004). Col11a1’s 
role in regulating trabecular bone microarchitecture may be related to the effect of PTH 
on fetal osteoblasts and formation of trabecular bone microarchitecture (Sehmisch et al., 
2009). PTH’s effect on microarchitecture has been demonstrated in microradiographic 
evaluations in the presence of increased levels of PTH, which significantly improved 
morphologic results in trabecular bone and produced thicker trabeculae (Sehmisch et al., 
2009). PTH’s effect on microarchitectural development is of particular significance, as an 
increase in trabecular thickness is the one constant effect of deficiency of Col11a1 
function in the homozygous cho mouse in this study. The potential for collagen XI 
α1(XI) to interact through its aminoterminal domain with PTH, Ihh, or PTHrP signaling 
pathways and the effect of PTH on microarchitectural development, coupled with the 
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microarchitectural changes in the homozygous cho mouse presented in this study support 
a role for collagen XI in bone microarchitecture. This function would likely take place 
during the formation of the primary spongiosa, the precursor to the secondary spongiosa 
in which trabecular bone develops. 
It is also possible that the changes in bone microarchitecture observed in the 
absence of Col11a1 gene product may be explained by primary changes to the structure 
of the cartilage anlagen during endochondral ossification, leading to changes in bone 
microarchitecture secondarily. Widened cartilaginous anlagen may result in the 
production of a widened bone structure. Alternatively, altered cartilaginous anlagen may 
produce signaling molecules that promote enlargement of bone. This is why 
quantification of the changes in intramembranous bone, which lacks a cartilage precursor, 
is fundamental to the support of a function for collagen α1(XI) in bone formation. 
Establishing differences in intramembranously formed bone will determine whether 
changes seen in the homozygous cho mouse are a result of a direct effect on bone 
formation, or a secondary effect due to the alteration of the cartilage model prior to bone 
formation. In this study, an evaluation of intramembranously formed bones in the skull 
was conducted in which the craniofacial bones differed in the microarchitectural 
parameters compared to controls. Interestingly, the microarchitectural parameters differed 
from those reported in the endochondral bones studied. While the endochondrally-formed 
bones in the homozygous cho mouse exhibited similar trends throughout the skeleton, the 
intramembranously formed bones exhibited general decreases in all indices. This resulted 
in smaller, less mineralized bones in the intramembranously-formed bones of the 
homozygous cho mouse cranium. While the observations are not suitable for stastical 
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analysis due to small sample size, they do warrant further investigation into the 
craniofacial development of the homozygous cho mouse. This is important as it indicates 
that intramembranously formed bones differ in the homozygous cho mouse relative to 
wildtype, suggesting that the absence of Col11a1 affects bone formation in bones without 
a cartilage precursor. 
A further point of note regarding the apparent decrease in formation of the 
homozygous cho mouse craniofacial bones, in particular the parietal bone, is raised by 
the S1Pcko mouse, which exhibits chondrodysplasia and a complete lack of endochondral 
ossification (Patra et al., 2007). The skull bones of the S1Pcko mouse show increased 
sensitivity to potassium hydroxide (used for clearing the tissue during skeletal staining), 
which results in the dissolution of the bones in the back of the skull.  The reduction in 
mineralization of the homozygous cho mouse may be attributable to a similar 
phenomenon (Patra et al., 2007).  
The difference in trends between homozygous cho mouse, heterozygous, and 
wildtype mice in the craniofacial bones and appendicular bones may also be attributable 
to developmental tissue origin. Craniofacial bone development features bones formed 
both intramembranously and endochondrally, as well as bones formed from cranial neural 
crest cell and mesodermal cell origins. This is different from the bones of the 
appendicular skeleton, which are from a mesodermal origin. The differences presented in 
this study between the craniofacial bones and the endochondral bones, both between and 
within each mouse, may be related to developmental tissue origin. 
 The findings of this study suggest a possible role for collagen α1(XI) in the 
mechanism of mineralization foci. The collagen XI amino propeptide domain on the 
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surface of embryonic collagen fibrils aligns with the periodic gap regions of these fibrils. 
During mineralization, hydroxy apatite (HA) crystals nucleate in the gap regions of 
collagen fibrils. These HA crystals are arranged in sheet-like nucleations parallel to the 
surface of the fibrils, implying a non-random arrangement controlled by the fibrils 
themselves. The early nucleation sites of HA crystals are suggested to be dependent on 
binding of calcium ions on the negatively charged carboxylate groups of collagen 
molecules. The proximity of the amino propeptide domain of collagen XI, which contains 
two putative calcium binding sites, to the surface of collagen fibrils suggest that collagen 
α1(XI) may contribute to early mineralization foci of HA crystals (Fallahi et al., 2005, 
Wizemann et al., 2003). Further support for early HA crystal nucleation sites in proximity 
to the collagen XI aminopropeptide domain is found in a number of studies on template 
crystal growth methods which indicate that nucleation occurs on surfaces which expose 
repetitive patterns of anionic groups (Hartgerink, Beniash, & Stupp, 2001, Cui, Yan, & 
Jun, 2007). The ability to nucleate hydroxy apatite is a feature of bone sialoprotein, a 
noncollagenous protein found in bone (Ogata, 2007). In bone sialoprotein knockout mice 
there are a number of changes in bone microarchitecture similar to those seen in the 
homozygous cho mouse. Among these changes are increased in total trabecular bone 
volume, increases in trabecular number and decreases in trabecular separation (Malaval et 
al., 2008). The generation of similar trabecular bone changes in the absence of collagen 
α1(XI) and bone sialoprotein may be evidence of protein-protein interaction between 
them in HA crystal growth and initial mineralization of bone. HA crystal growth in 
association with the presence of collagen XI is depicted in Figure 18 and 19, which 
36 
 
present the potential orientation of and function for collagen XI in nucleation of early HA 
crystals.  
 Greater understanding of any additional roles in development for Col11a1 are 
fundamental to the increased understanding of endochondral bone development. Any new 
findings are also fundamental to the understanding of fracture repair, during which the 
process of endochondral bone formation is recapitulated (Reddi, 1997). During fracture 
repair, mesenchymal cells and chondrocytes form a large cartilaginous callus that 
promotes solid bone formation, repeating to some degree the events of embryonic 
skeletal development. Additional studies are needed to improve the application of 
principles from skeletal development to repair and treatment of bone fractures. The use of 
micro-CT in further studies provides a means to assess the changes in the bone 
microarchitecture in the absence of collagen α1(XI). Further quantification using micro-
CT of the changes caused by the absence of collagen α1(XI) at the microarchitectural 
level, in combination with other research at the cellular and molecular level, will help 
determine the function of Col11a1 in bone formation. 
Overall, the data in this study support a function for collagen α1(XI) in regulation 
of osteogenesis and mineralization of the skeleton. Future investigation should focus on 
determining the specific mechanism of Col11a1 involvement in chondrogenic and 
osteoblastic differentiation during endochondral ossification, as well as intramembranous 
ossification.
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Figure 2. Rib Growth Occurs Endochondrally With a 
Single Secondary Ossification Center. Each rib has an 
epiphysis at either end but only the proximal epiphysis 
develops a secondary ossification center. There are two 
apophyses located on the ribs T1-T10 that do not contribute 
to longitudinal rib growth (Modified from Peterson, 2007) 
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Figure 3. Intramembranous Ossification is the Direct Conversion of 
Mesenchymal Tissue to Bone. Mesenchymal cells condense to produce 
osteoblasts, which deposit osteoid matrix. Osteoblasts along the calcified 
region of the matrix are surrounded by bone matrix and become osteocytes 
(Modified from Gilbert, 2006). 
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Figure 4. Procedural Schematic of Spinal Column Deformation and 
Individual Vertebral Measurements. Spine measurements included 
cervical vertebra C4 – C7, thoracic vertebrae T1 – T13 and lumbar 
vertebrae L1-L2. Measurements of vertebral width were conducted along 
the anterior-posterior axis from the extreme margins of the periosteal 
layer of each vertebra. Measurements of separation were from the 
centroid of each vertebra along the anterior-posterior axis. Measurements 
of length were from the centroid of each vertebra along the dorsal-ventral 
axis (Pictured: control). 
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Figure 5. Procedural Schematic of Ribcage Width Measurement. Deformation in 
terms of width was defined as the distance across the entire width of the sample, from 
the centroid of the distal epiphysis of each developing ribs (Pictured: control) 
   
 
Fi
gu
re
 
6.
 
Pr
o
ce
du
ra
l S
ch
em
a
tic
 
o
f M
ic
ro
a
rc
hi
te
ct
u
ra
l V
o
lu
m
es
 
o
f I
n
te
re
st
 
fo
r 
E
n
do
ch
o
n
dr
a
l B
o
n
es
 
o
f t
he
 
A
pp
en
di
cu
la
r 
a
n
d 
A
x
ia
l S
ke
le
to
n
.
 
V
o
lu
m
es
 
o
f i
n
te
re
st
 
fo
r 
rib
,
 
v
er
te
br
a,
 
ra
di
u
s,
 
u
ln
a,
 
an
d 
hu
m
er
u
s 
w
e
re
 
de
fin
ed
 
as
 
th
e 
en
tir
e 
tr
ab
ec
u
la
r 
v
o
lu
m
e 
co
n
ta
in
ed
 
w
ith
in
 
th
e
 
o
ss
ifi
ca
tio
n
 
ce
n
te
r 
at
 
th
e 
pr
o
x
im
al
 
en
d 
o
f e
ac
h 
rib
,
 
v
en
tr
al
 
m
e
ta
ph
ys
is 
o
f 
ea
ch
 
v
er
te
br
a 
an
d 
pr
o
x
im
al
 
m
et
ap
hy
sis
 
o
f e
ac
h 
hu
m
e
ru
s,
 
u
ln
a 
an
d 
ra
di
u
s.
 
(P
ic
tu
re
d:
 
co
n
tr
o
l). 
51 
  
 
Fi
gu
re
 
7.
 
A
bn
o
rm
a
lit
ie
s 
o
f t
he
 
C
a
rt
ila
ge
 
a
n
d 
Bo
n
e 
a
re
 
A
pp
a
re
n
t i
n
 
H
ist
o
lo
gi
ca
l S
ta
in
in
g 
o
f H
o
m
o
zy
go
u
s 
ch
o
 
M
o
u
se
.
 
A
lc
ia
n
 
B
lu
e 
an
d 
A
liz
ar
in
 
R
ed
 
S 
st
ai
n
in
g 
co
n
du
ct
ed
 
o
n
 
17
.
5 
dp
c
 
co
n
tr
o
l m
o
u
se
 
an
d 
ho
m
o
z
yg
o
u
s 
ch
o
 
m
o
u
se
.
 
Th
e
 
ho
m
o
z
yg
o
u
s 
c
ho
 
m
o
u
se
 
is 
ch
ar
ac
te
riz
ed
 
by
 
ab
n
o
rm
al
iti
es
 
in
 
th
e 
ca
rt
ila
ge
 
an
d 
bo
n
e 
o
f t
he
 
he
ad
, 
lim
bs
,
 
rib
s,
 
m
an
di
bl
e
 
an
d 
tr
ac
he
a 
as
 
w
el
l a
s 
de
fo
rm
iti
es
 
o
f t
he
 
sk
el
et
o
n
 
co
n
sis
te
n
t w
ith
 
ch
o
n
dr
o
dy
sp
la
sia
.
 
 
Th
es
e 
in
cl
u
de
 
sh
o
rt
en
ed
, 
w
id
er
 
lim
b 
bo
n
es
, 
sh
o
rt
en
ed
 
sn
o
u
t, 
sm
al
l t
ho
ra
ci
c 
c
ag
e
, 
an
d 
sh
o
rt
en
ed
 
sp
in
e.
 
52 
  
 
Fi
gu
re
 
8.
 
Fo
re
lim
b 
B
o
n
es
 
o
f t
he
 
H
o
m
o
zy
go
u
s 
ch
o
 
M
o
u
se
 
a
re
 
D
ef
o
rm
ed
 
a
n
d 
La
ck
 
La
n
dm
a
rk
 
Fe
a
tu
re
s.
 
Th
e 
de
lto
id
 
tu
be
ro
sit
y 
(ar
ro
w
) in
 
th
e 
co
n
tro
l m
ic
e 
is 
ab
se
n
t i
n
 
th
e 
ho
m
o
z
yg
o
u
s 
ch
o
 
m
o
u
se
 
hu
m
e
ru
s.
 
In
c
re
as
ed
 
pe
rio
st
e
al
 
bo
n
e
 
gr
o
w
th
 
is 
e
v
id
en
t i
n
 
th
e 
ho
m
o
z
yg
o
u
s 
ch
o
 
m
o
u
se
 
hu
m
e
ru
s 
w
he
n
 
co
m
pa
re
d 
to
 
he
te
ro
z
yg
o
u
s 
an
d 
w
ild
ty
pe
 
m
ic
e.
 
A
dd
iti
o
n
al
 
m
in
e
ra
liz
at
io
n
 
as
 
w
el
l a
s 
ch
an
ge
s 
in
 
o
v
er
al
l s
ha
pe
 
ar
e
 
re
ad
ily
 
ap
pa
re
n
t. 
53 
  
  
Fi
gu
re
 
9.
 
M
et
a
ph
ys
es
 
a
n
d 
M
a
rr
o
w
 
C
a
v
ity
 
o
f t
he
 
Fo
re
lim
b 
Bo
n
es
 
o
f c
ho
 
M
o
u
se
 
a
re
 
A
bn
o
rm
a
l. 
B
o
n
es
 
o
f t
he
 
ho
m
o
z
yg
o
u
s 
c
ho
 
 
 
 
 
m
o
u
se
 
fo
re
lim
b 
e
x
hi
bi
t a
 
co
n
de
n
sa
tio
n
 
o
f m
in
e
ra
liz
ed
 
bo
n
e 
at
 
th
e 
pr
o
x
im
al
 
m
et
ap
hy
sis
 
an
d 
an
 
ab
se
n
ce
 
o
f d
ef
in
ed
 
tr
ab
ec
u
la
r 
 
 
st
ru
ct
u
re
 
at
 
th
e 
di
st
al
 
m
et
ap
hy
sis
 
Cr
o
ss
-
se
ct
io
n
al
 
sli
ce
s 
o
f t
he
 
bo
n
es
 
o
f t
he
 
fo
re
lim
b 
ar
e
 
cu
t a
lo
n
g 
th
e 
sa
gi
tta
l p
la
n
e 
at
 
th
e
 
m
id
po
in
t  
 
o
f t
he
 
ho
riz
o
n
ta
l p
la
n
e.
 
Sl
ic
es
 
ar
e 
50
µm
 
th
ic
k,
 
25
 
µm
 
o
n
 
ei
th
er
 
sid
e 
o
f t
he
 
sa
gi
tta
l p
la
n
e 
m
id
lin
e.
 
54 
  
 Fi
gu
re
 
10
.
 
H
u
m
er
u
s 
o
f H
o
m
o
zy
go
u
s 
ch
o
 
M
o
u
se
 
E
x
hi
bi
ts
 
D
ec
re
a
se
d 
H
et
er
o
ge
n
ei
ty
 
o
f B
o
n
e 
a
n
d 
C
yl
in
dr
ic
a
l S
ha
pe
.
 
 
Cr
o
ss
-
se
ct
io
n
al
 
im
ag
es
 
o
f t
he
 
hu
m
er
u
s 
fro
m
 
a 
co
n
tro
l m
o
u
se
 
an
d 
ho
m
o
z
yg
o
u
s 
c
ho
 
m
o
u
se
 
de
m
o
n
st
ra
te
 
co
n
sid
er
ab
le
 
v
ar
ia
tio
n
 
in
 
st
ru
c
tu
re
 
al
o
n
g 
th
e 
le
n
gt
h 
o
f t
he
 
bo
n
e.
 
Le
n
gt
h 
o
f h
u
m
er
u
s 
w
as
 
m
ea
su
re
d 
fro
m
 
th
e 
ex
tr
em
e 
m
in
er
al
iz
ed
 
m
ar
gi
n
s 
at
 
th
e
 
c
au
da
l 
sid
e 
o
f e
ac
h 
bo
n
e.
 
W
id
th
 
m
ea
su
re
m
en
ts
 
as
 
de
fin
ed
 
by
 
a
re
a 
w
er
e 
ta
ke
n
 
at
 
th
e
 
pr
o
x
im
al
 
m
e
ta
ph
ys
is,
 
m
id
po
in
t o
f t
he
 
di
ap
hy
si
s,
 
an
d 
di
st
al
 
m
et
ap
hy
sis
.
 
55 
  
 
Fi
gu
re
 
11
.
 
Sp
in
a
l C
o
lu
m
n
 
a
n
d 
R
ib
ca
ge
 
Sh
a
pe
 
a
n
d 
M
in
er
a
liz
a
tio
n
 
a
re
 
A
lte
re
d 
in
 
th
e 
H
o
m
o
zy
go
u
s 
ch
o
 
M
o
u
se
.
 
Th
er
e 
is 
de
c
re
as
ed
 
m
in
er
al
iz
at
io
n
 
o
f t
he
 
sm
al
le
r 
ho
m
o
z
yg
o
u
s 
c
ho
 
m
o
u
se
 
rib
ca
ge
 
ap
pa
re
n
t t
o
w
ar
d 
th
e 
po
st
er
io
r 
en
d 
re
la
tiv
e
 
to
 
th
e 
he
te
ro
z
yg
o
u
s 
an
d 
w
ild
ty
pe
 
m
ic
e.
 
Th
e
 
sp
in
al
 
co
lu
m
n
 
o
f t
he
 
ho
m
o
z
yg
o
u
s 
ch
o
 
m
o
u
se
 
in
di
ca
te
s 
a 
le
ss
er
 
de
gr
ee
 
o
f c
u
rv
at
u
re
 
as
 
w
el
l 
as
 
an
 
ap
pa
re
n
t r
ed
u
c
tio
n
 
in
 
de
gr
ee
 
o
f m
in
er
al
iz
at
io
n
.
 
A
lso
, 
v
e
rt
eb
ra
l b
o
di
es
 
o
f v
e
rt
eb
ra
e
 
T1
1-
L2
 
ap
pe
ar
 
re
du
ce
d 
in
 
m
in
e
ra
liz
at
io
n
 
in
 
th
e
 
ho
m
o
z
yg
o
u
s 
c
ho
 
m
o
u
se
.
 
56 
57 
 
 
Figure 12. Cervical Vertebrae are 
Altered in Homozygous cho Mouse. 
Micro-CT images of vertebrae C2-C7 from 
a homozygous cho mouse and control 
mouse demonstrating the variation in 
structure in each bone. Overall morphology 
is relatively similar, however the 
homozygous cho mouse exhibits rounder 
vertebral arches, and an uneven periosteal 
surface, possibly attributable to 
dysregulated or ectopic bone growth. 
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Figure 13. Thoracic Vertebrae are Altered in Homozygous cho Mouse. Micro-
CT images of vertebrae T1-T13 from a homozygous cho mouse and control mouse 
demonstrating the variation in structure in each bone. The homozygous cho mouse 
vertebrae exhibit abnormal shaped vertebral bodies or lack vertebral bodies. The 
homozygous cho mouse vertebral arches are also altered causing the homozygous 
cho mouse vertebrae to appear more rounded. There is also uneven periosteal 
surface on cho mouse vertebrae, possibly attributable to dysregulated or ectopic 
bone growth. 
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Figure 18. Collagen XI May Function in Early Hydroxy Apatite Nucleation Sites. 
Early mineralization events may occur in association with the type II/IX/XI heterotypic 
fibril of cartilage matrix. Three-dimensional proposed concept model with hydroxy apatite 
crystals depicted parallel to the cartilage fibril, nucleating in the gap regions occupied by 
the aminoterminal domain of collagen α1(XI)  (Modified from Eyre, Weis, & Wu, 2008).  
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Figure 19. Collagen XI Arrangement May 
Allow for Nucleations of Hydroxy Apatite. 
Transverse section of the proposed concept 
model through the axial location of the 
amino propeptide domain of the α1 chain of 
collagen XI. White and green circles 
correspond to microfibrils of collagen type II 
and collagen type XI, respectively. The 
arrangement of type II and type XI collagen 
results in one N-propeptide per D-period, at 
which point nucleations of crystal hydroxy 
apatite may occur as cartilage matrix is 
replaced by mineralized bone (Modified 
from Holmes & Kadler, 2006). 
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Tables
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Table 1. Mutations Overlap Phenotypically with the cho Mouse. Phenotypes are 
inclusive only of cho phenotype traits. 
Gene or protein Phenotype Reference 
COL11A1 Cho Mouse 
Malformed forelimbs, thickened 
trabeculae, short limbs, dwarfism, wide 
metaphyses, shortened spine, shortened 
snout, cleft palate 
 
Spranger, 1998 
Alx4 Malformed forelimbs, lack of deltoid 
tuberosity 
 
Spranger, 19988 
ANKH Increased bone density with 
metaphyseal and/or diaphyseal 
involvement 
 
Spranger, 1998 
BMP4 Thickened trabeculae, widened 
epiphyseal cartilage 
 
Spranger, 1998 
BMP7 
 
Lack of deltoid tuberosity Bier, 2008 
BMPR1b 
 
Lack of deltoid tuberosity Bier, 2008 
Chondroitin 
Sulfate 
Sulfotransferase 
1 
 
Disorganized cartilage growth plate, 
alterations in the orientation of 
chondrocyte columns 
Kluppel et al., 2005 
COL2A1 Perinatal death, shortened limbs without 
epiphyseal growth plates, cleft palate, 
dwarfed with reduced cartilage matrix 
 
Spranger, 1998 
COL9Al, 
COL9A2, 
C0L9A3 
 
Multiple epiphyseal dysplasia Spranger, 1998 
COL1A1, 
COL1A2 
Dwarfism secondary to vertebral 
compression fractures, disruption of the 
growth plates, bone deformities, thoracic 
deformities 
 
Spranger, 1998 
COL10A1 Metaphyseal dysplasia 
 
Spranger, 1998 
COMP 
 
Multiple epiphyseal dysplasia  Spranger, 1998 
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CV2 Major trunk defects, minor head 
deformities in cartilage and bones, severe 
defects in both the axial structures and 
appendicular skeleton 
 
Bier, 2008 
FGFR3 Metaphyseal dysplasias, reduced and 
disorganized columnization in areas of 
chondro-osseous transformation 
 
Delezoide et al., 1998 
Ihh Neonatal lethality, limb dwarfism 
associated with reduced chondrocyte 
proliferation, ectopic maturation of 
chondrocytes 
 
Razzaque et al., 2005 
Link Protein Defects in cartilage development, delayed 
bone formation, short limbs, craniofacial 
anomalies 
 
Griffith et al., 1998 
MATN3 Multiple epiphyseal dysplasia 
 
Spranger, 1998 
MGP Cartilage calcifications, dwarfism 
 
Spranger, 1998 
Nidogen 1 and 2 Lack of deltoid tuberosity, developmental 
defects of both fore- and hindlimbs 
 
Bose et al., 2006 
Noggin Thickening of trabecular bone, 
elimination of marrow cavities in cortical 
bone 
 
Spranger, 1998 
Perlecan Irregularity of the epiphyses, bone 
dysplasia 
 
Spranger, 1998 
Prx-Twist1 Overall reduction in forelimb size, lack of 
deltoid tuberosity 
 
Firulli, Redick, Conway, 
& Firulli 2007 
PTH/PTHrP Enlarged and expanded ends of the long 
bones, short limb dwarfism secondary to 
severe growth plate abnormalities 
 
Kronenberg, 2003 
TGFR2 Lack of deltoid tuberosity, dysplastic 
widened, flaring, and poorly mineralized 
metaphyses 
 
Spranger, 1998 
TGFRl Increased bone density with 
metaphyseal and/or diaphyseal 
involvement  
Spranger, 1998 
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Table 2. Sample Micro-computed X-Ray Tomography Settings. Standard settings 
used for System, Acquisition and Reconstruction of all Samples (MicroPhotonics, Inc.) 
A. System 
Scanner Skyscan1172 
Instrument S/N 08E01106 
Hardware version F 
Software Version 1. 5 (build 6) 
Home directory C:\SkyScan1172-sn106 
Source Type Hamamatsu 100/250 
Camera Pixel Size (um) 8.99 
CameraXYRatio 0.996 
Incl.in lifting (um/mm) 2.6 
  
  
B. Acquisition 
Data directory C:\Results\BoiseState\Embr-2-2 
Filename Prefix Embryo-2-2-1.7um_b_ 
Number of Files 759 
Source Voltage (kV) 40 
Source Current (uA) 250 
Number of Rows 2672 
Number of Columns 4000 
Image Pixel Size (um) 1.71 
Object to Source (mm) 40.32 
Camera to Source (mm) 211.754 
Vertical Object Position (mm) 53.6 
Optical Axis (line) 1372 
Filter No filter 
Image Format TIFF 
Depth (bits) 16 
Screen LUT 0 
Exposure (ms) 1150 
Rotation Step (deg) 0.25 
Frame Averaging ON (8) 
Random Movement ON (10) 
Use 360 Rotation NO 
Geometrical Correction ON 
Camera Offset OFF 
Median Filtering ON 
Flat Field Correction ON 
Rotation Direction CC 
Scanning Trajectory ROUND 
Type Of Motion STEP AND SHOOT 
Study Date and Time Oct 30, 2008  13:17:45 
Scan duration 2:51:12 
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C. Reconstruction 
Reconstruction Program NRecon 
Program Version Version: 1.5.1.4 
Program Home Directory C:\SkyScan1172-sn106 
Dataset Origin Skyscan1172 
Dataset Prefix Embryo-2-2-1.7um_b_ 
Dataset Directory D:\BoiseState\Embryo-2-2 
Time and Date Nov 04, 2008  16:16:57 
First Section 1637 
Last Section 1681 
Reconstruction duration per slice (s) 40 
Postalignment -5.5 
Section to Section Step 1 
Sections Count 45 
Result File Type BMP 
Result File Header Length (bytes) 1134 
Result Image Width (pixels) 4000 
Result Image Height (pixels) 4000 
Pixel Size (um) 1.71275 
Reconstruction Angular Range (deg) 189.75 
Use 180+ OFF 
Angular Step (deg) 0.25 
Smoothing 3 
Ring Artifact Correction 10 
Draw Scales ON 
Object Bigger than FOV ON 
Reconstruction from ROI OFF 
Undersampling factor 1 
Threshold for defect pixel mask (%) 3 
Beam Hardening Correction (%) 40 
CS Static Rotation (deg) 0 
Minimum for CS to Image Conversion 0.01 
Maximum for CS to Image 
Conversion 0.15 
HU Calibration OFF 
BMP LUT 0 
Cone-beam Angle Horiz.(deg) 9.712102 
Cone-beam Angle Vert.(deg) 6.496294 
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Table 3. Bones of the Forelimb are Shorter and Wider in cho Mouse. Geometric 
measurements are reported for the humerus, ulna, and radius of the fore arm as mean ± 
SD for control mice and homozygous cho mouse. Differences in width of  humerus are 
described in terms of area at distal metaphysis, midpoint of diaphysis, and proximal 
metaphysis. Standard deviations are presented where possible. Asterisks indicate cho 
mouse values that are outside of the 95% confidence intervals for heterozygous and 
wildtype values. Control n = 4, cho n = 1 for length and control n = 1, cho n = 1 for area. 
Site (Long Bones) Length [mm] % Difference 
 Control cho  
Humerus, R 1.980 ± .406 1.090 
-44.93* 
Ulna, R 2.105 ± .495 .961 -54.36* 
Radius, R 1.578 ± .342 .816 
-48.26* 
  
 
 
Site (Humerus) Area [mm2]   
 
Control cho 
 
Proximal Metaphysis 0.316 0.493 56.01 
Midpoint of Diaphysis 0.239 0.429 79.50 
Distal Metaphysis 0.349 0.438 25.50 
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Table 4. Vertebral Separation in cho Mouse is Decreased. Geometric measurements 
for compression of spinal column, measured as the distance between the centroid of each 
vertebra along the dorsal-ventral axis of vertebrae C2-L3 and reported as mean ± SD for 
control mice and homozygous cho mouse. Standard deviations are presented where 
possible. Asterisks indicate cho mouse values that are outside of the 95% confidence 
intervals for heterozygous and wildtype values. Control n = 4, cho n = 1. 
Site (Vertebra) Separation [µm] % Difference 
  
Control cho 
  
C2-C3 215.24 ± 29.24 170.59 -20.74* 
C3-C4 210.77 ± 28.67 163.03 -22.65* 
C4-C5 207.29 ± 30.76 133.36 -35.66* 
C5-C6 218.68 ± 38.30 157.11 -28.16* 
C6-C7 284.38 ± 35.43 170.44 -40.07 
C7-T1 360.13 ± 31.44 249.03 -30.85* 
T1-T2 388.53 ± 74.69 285.79 -26.44 
T2-T3 453.09 ± 132.91 288.48 -36.33* 
T3-T4 513.96 ± 107.89 293.53 -42.89* 
T4-T5 565.28 ± 157.42 277.90 -50.84 
T5-T6 584.98 ± 172.13 334.21 -42.87* 
T6-T7 572.80 ± 147.33 348.84 -39.1* 
T7-T8 462.33 ± 0.35 357.49 -22.68 
T8-T9 519.55 ± 86.03 397.94 -23.41* 
T9-T10 499.82 ± 42.96 362.24 -27.53 
T10-T11 515.27 ± 50.38 436.39 -15.31* 
T11-T12 542.63 ± 69.65 461.67 -14.92 
T12-T13 560.44 ± 56.36 447.50 -20.15* 
T13-L1 589.76 ± 30.40 473.69 -19.68* 
L1-L2 560.44 ± 56.36 447.50 -20.15 
L2-L3 589.76 ± 30.40 473.69 -19.68 
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Table 5. Width of Individual cho Mouse Vertebrae is Increased Along Anterior-
Posterior Axis. Geometric measurements are reported for the width along the anterior-
posterior axis of vertebrae C3-L2 as mean ± SD for control mice and homozygous cho 
mouse. Standard deviations are presented where possible. Asterisks indicate cho mouse 
values that are outside of the 95% confidence intervals for heterozygous and wildtype 
values. Control n = 4, cho n = 1. 
Site (Vertebra) Width [µm] % Difference 
  Control cho   
C3 125.59 ± 21.35 146.38 16.55* 
C4 134.75 ± 20.66 160.21 18.89* 
C5 127.56 ± 15.00 146.78 15.07* 
C6 117.66 ± 8.73 133.96 13.85* 
C7 134.34 ± 17.51 139.80 4.06 
T1 137.24 ± 11.34 149.56 8.98* 
T2 143.75 ± 21.26 153.2 6.57 
T3 160.29 ± 20.80 165.94 3.52 
T4 167.95 ± 12.85 186.70 11.16* 
T5 182.84 ± 17.97 188.03 2.84 
T6 196.22 ± 12.28 204.92 4.43 
T7 212.96 ± 23.99 231.47 8.69 
T8 236.06 ± 38.04 268.77 13.86 
T9 253.65 ± 38.48 268.73 5.95 
T10 215.15 ± 20.00 267.14 24.17* 
T11 226.63 ± 18.81 279.28 23.23 
T12 228.90 ± 52.88 312.13 36.36* 
T13 249.49 ± 32.61 321.01 28.67* 
L1 250.21 ± 40.01 321.60 28.54 
L2 276.04 ± 54.18 314.98 14.11* 
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Table 6. Length of Individual Vertebra is Decreased at Posterior End of cho 
Vertebral Column. Geometric measurements are reported for the length along the 
dorsal-ventral axis of vertebrae C3-L2 as mean ± SD for control mice and homozygous 
cho mouse. Standard deviations are presented where possible. Asterisks indicate cho 
mouse values that are outside of the 95% confidence intervals for heterozygous and 
wildtype values. Control n = 4, cho n = 1. 
Site (Vertebra) Length [µm]   % Difference 
  Control cho   
C3 1318.32 ± 53.59 1348.58 2.29 
C4 1222.08 ± 76.17 1111.85 -9.02* 
C5 1227.22 ± 90.99 1210.49 -1.36 
C6 1131.11 ± 129.56 1169.05 3.35 
C7 1100.47 ± 53.42 1101.86 0.13 
T1 1038.32 ± 81.28 1075.81 3.61 
T2 945.89 ± 20.91 1044.95 10.47* 
T3 904.28 ± 22.81 961.04 6.28* 
T4 790.93 ± 129.88 910.87 15.16 
T5 725.04 ± 151.02 882.3 21.69* 
T6 742.24 ± 52.91 833.24 12.26* 
T7 728.37 ± 79.05 801.64 10.06 
T8 771.92 ± 99.04 769.45 -0.32 
T9 766.07 ± 103.44 614.87 -19.74* 
T10 689.68 ± 49.32 551.74 -20 
T11 706.63 ± 102.58 577.50 -18.27 
T12 698.42 ± 120.81 491.06 -29.69 
T13 687.72 ± 142.10 529.69 -22.98 
L1 644.51 ± 174.34 473.45 -26.54 
L2 559.44 ± 67.97 437.34 -21.83 
 
74 
 
Table 7. Rib Length Along Dorsal-Ventral Axis is Decreased in Individual cho Ribs. 
Geometric measurements are reported for the length along the dorsal-ventral axis of each 
rib T1-T13 and reported as mean ± SD for control mice and homozygous cho mouse. 
Standard deviations are presented where possible. Asterisks indicate cho mouse values 
that are outside of the 95% confidence intervals for heterozygous and wildtype values. 
Control n = 4, cho n = 1. 
Site (Rib) Length [µm]   % Difference 
  Control cho   
T1 789.06 ± 33.10 679.68 -13.86* 
T2 1171.79 ± 173.06 891.25 -23.94* 
T3 1682.55 ± 93.22 1130.73 -32.8* 
T4 1957.61 ± 143.30 1412.78 -27.83* 
T5 2093.31 ± 267.74 1586.07 -24.23* 
T6 2093.15 ± 259.09 1867.86 -10.76 
T7 2112.42 ± 243.01 1774.08 -16.02* 
T8 1775.66 ± 210.71 1695.52 -4.51 
T9 1500.82 ± 176.22 1414.04 -5.78 
T10 1400.49 ± 64.76 1271.70 -9.2* 
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Table 8. Width of Rib Cage in cho Mouse is Decreased at the Anterior End. 
Geometric measurements for deformation of thoracic cage, measured as the distance 
between the centroid of each rib T1-T13 across the width of the thoracic cage and 
reported as mean ± SD for control mice and homozygous cho mouse. Standard deviations 
are presented where possible. Asterisks indicate homozygous cho mouse values that are 
outside of the 95% confidence intervals for heterozygous and wildtype values. Control n 
= 4, cho n = 1. 
Site (Rib) Width [µm]   % Difference 
  Control cho    
T1 2820.55 ± 257.67 2349.34 -16.71* 
T2 3610.51 ± 282.22 2694.83 -25.36* 
T3 4333.22 ± 468.79 3243.22 -25.15* 
T4 4888.16 ± 477.31 3795.33 -22.36* 
T5 5021.57 ± 443.44 4289.39 -14.58* 
T6 5036.27 ± 404.46 4606.45 -8.53 
T7 4763.13 ± 410.46 4626.83 -2.86 
T8 4332.27 ± 549.43 4424.09 2.12 
T9 4146.39 ± 386.32 4076.89 -1.68 
T10 3720.43 ± 475.19 3529.51 -5.13 
T11 3084.38 ± 396.08 2946.16 -4.48 
T12 2452.24 ± 244.88 2351.51 -4.11 
T13 1863.97 ± 313.16 1856.05 -0.42 
 
76 
 
Table 9. Whole Bone Volume is Decreased in cho Craniofacial Bones. Bones are 
separated by both type of ossification, either endochondral (Endo) or intramembranous 
(Intramem) and developmental tissue of origin, either mesoderm (Meso) or cranial neural 
crest cell (CNC). Control n = 1, cho n = 1. 
Site Average Volume [mm3] % Difference Ossification Origin 
 Control cho    
Basioccipital 0.495 0.445 -10.07 Endo Meso 
Exoccipital 0.323 0.281 -13.09 Endo Meso 
Parietal 0.122 0.019 -84.19 Intramem Meso 
Mandible 1.687 1.149 -31.90 Intramem CNC 
Frontal 0.676 0.477 -29.40 Intramem CNC 
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Table 10. Trabecular Thickness is Increased in Bones of cho Mouse Forelimb. 
Micro-CT structural index of trabecular thickness, Tb.Th, is reported for the humerus and 
ulna of the fore arm as mean ± SD for control mice and homozygous cho mouse. 
Standard deviations are presented where possible. Asterisks indicate cho mouse values 
that are outside of the 95% confidence intervals for heterozygous and wildtype values. 
Control n = 2, cho n = 1. 
Site (Long Bone) Tb.Th [µm] % Difference 
 Control cho  
Humerus, Right 20.43 ± 1.30 33.17 62.38* 
Ulna, Right 18.13 ± 0.09 20.00 10.3* 
Radius, Right 19.61 ± 0.38 23.46 12.3* 
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Table 11. Trabecular Number is Increased in Bones of cho Mouse Forelimb.  Micro-
CT structural index of trabecular number, Tb.N, is reported for the humerus and ulna of 
the fore arm as mean ± SD for control mice and homozygous cho mouse. Standard 
deviations are presented where possible. Asterisks indicate cho mouse values that are 
outside of the 95% confidence intervals for heterozygous and wildtype values. Control n 
= 2, cho n = 1. 
Site (Long Bone) Tb.N [1/mm] % Difference 
 Control cho  
Humerus, Right 9.01 ± 3.21 16.79 86.35* 
Ulna, Right 9.43 ± 3.70 14.65 47.51* 
Radius, Right 7.68 ± 2.34 12.36 60.94* 
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Table 12. Trabecular Separation is Decreased in Bones of cho Mouse Forelimb. 
Micro-CT structural index of trabecular separation, Tb.Sp, is reported for the humerus 
and ulna of the fore arm as mean ± SD for control mice and homozygous cho mouse. 
Standard deviations are presented where possible. Asterisks indicate cho mouse values 
that are outside of the 95% confidence intervals for heterozygous and wildtype values. 
Control n = 2, cho n = 1. 
Site (Long Bone) Tb.Sp [µm] % Difference 
 Control cho  
Humerus, Right 45.59 ± 11.47 38.39 -15.78 
Ulna, Right 87.38 ± 14.51 74.41 -14.85 
Radius, Right 82.59 ± 12.72 56.88 -31.12 
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Table 13. Trabecular Percent Bone Volume is Increased in Bones of cho Mouse 
Forelimb. Micro-CT structural index of trabecular percent bone volume, BV/TV, is 
reported for the humerus and ulna of the fore arm as mean ± SD for control mice and 
homozygous cho mouse. Standard deviations are presented where possible. Asterisks 
indicate cho mouse values that are outside of the 95% confidence intervals for 
heterozygous and wildtype values. Control n = 3, cho n = 1. 
Site (Long Bone) BV/TV [%] % Difference 
 Control cho  
Humerus, Right 13.19 ± 1.69 25.68 94.71* 
Ulna, Right 13.67 ± 0.28 18.10 32.44* 
Radius, Right 11.15 ± 0.38 22.46 101.37* 
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Table 14. Trabecular Thickness is Increased in cho Mouse Vertebrae. Micro-CT 
structural index of trabecular thickness, Tb.Th, is reported for vertebrae C3-L2 as mean ± 
SD for control mice and homozygous cho mouse. Standard deviations are presented 
where possible. Asterisks indicate cho mouse values that are outside of the 95% 
confidence intervals for heterozygous and wildtype values. Control n = 2, cho n = 1 for 
vertebrae C3-T11 and control n = 1, cho n = 1 for vertebrae T12-L2 . 
Site (Vertebra) Tb.Th [µm]   % Difference 
  Control cho   
C3 15.43 ± 1.28 17.18 7.85 
C4 13.79 ± 2.62 17.50 26.84* 
C5 12.23 ± 1.82 17.02 39.14* 
C6 12.24 ± 0.38 16.08 31.39* 
C7 11.76 ± 0.06 18.46 56.93* 
T1 13.79 ± 3.19 20.03 45.22* 
T2 12.92 ± 2.19 19.43 50.45* 
T3 10.99 ± 0.59 15.29 39.13* 
T4 13.32 ± 1.55 15.48 15.37* 
T5 10.39 ± 0.60 19.49 87.55* 
T6 11.83 ± 1.35 17.48 47.8* 
T7 11.35 ± 0.01 20.69 82.24* 
T8 12.23 ± 1.01 24.43 99.71* 
T9 10.45 ± 1.89 20.66 97.78* 
T10 12.54 ± 0.66 18.32 46.07* 
T11 11.34 ± 1.05 18.34 61.7* 
T12 13.42 16.22 20.83 
T13 11.68 15.62 33.75 
L1 12.71 14.08 10.79 
L2 10.14 12.75 25.66 
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Table 15. Trabecular Number is Increased in cho Mouse Vertebrae. Micro-CT 
structural index of trabecular number, Tb.N, is reported for vertebrae C3-L2 as mean ± 
SD for control mice and homozygous cho mouse. Standard deviations are presented 
where possible. Asterisks indicate cho mouse values that are outside of the 95% 
confidence intervals for heterozygous and wildtype values. Control n = 2, cho n = 1 for 
vertebrae C3-T11 and control n = 1, cho n = 1 for vertebrae T12-L2. 
Site (Vertebra) Tb.N [1/mm]   % Difference 
  Control cho   
C3 11.07 ± 2.06 14.42 30.26* 
C4 13.16 ± 3.96 16.68 26.75 
C5 10.64 ± 1.64 12.66 18.98 
C6 10.23 ± 0.37 12.23 19.55* 
C7 17.15 ± 1.02 17.78 3.67 
T1 16.48 ± 4.22 17.08 3.67 
T2 15.80 ± 3.23 19.76 25.06 
T3 17.51 ± 3.18 20.00 14.22 
T4 16.00 ± 0.36 22.97 43.56* 
T5 18.87 ± 0.92 24.25 28.51* 
T6 18.91 ± 4.96 19.79 4.65 
T7 10.89 ± 4.94 21.76 99.82* 
T8 9.94 ± 0.14 16.70 68.01* 
T9 16.43 ± 0.38 24.17 47.11* 
T10 13.76 ± 5.40 27.08 96.8* 
T11 13.72 ± 3.07 15.15 10.42 
T12 13.85 21.54 55.52 
T13 13.61 15.14 11.24 
L1 12.38 17.54 41.68 
L2 13.32 15.65 17.49 
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Table 16. Trabecular Separation is Decreased in cho Mouse Vertebrae. Micro-CT 
structural index of trabecular separation, Tb.Sp, is reported for vertebrae C3-L2 as mean 
± SD for control mice and homozygous cho mouse. Standard deviations are presented 
where possible. Asterisks indicate cho mouse values that are outside of the 95% 
confidence intervals for heterozygous and wildtype values. Control n = 2, cho n = 1 for 
vertebrae C3-T11 and control n = 1, cho n = 1 for vertebrae T12-L2. 
Site (Vertebra) Tb.Sp [µm]   % Difference 
  Control  cho   
C3 21.87 ± 0.56 21.22 -2.96 
C4 25.83 ± 2.06 20.15 -22* 
C5 29.51 ± 8.72 22.58 -23.48 
C6 34.99 ± 4.20 27.21 -22.22* 
C7 37.78 ± 5.08 23.89 -36.76* 
T1 38.55 ± 7.13 18.66 -51.6* 
T2 48.45 ± 6.44 29.98 -38.13* 
T3 40.12 ± 4.25 20.41 -49.12* 
T4 35.39 ± 7.88 22.53 -36.33* 
T5 32.03 ± 3.36 17.64 -44.92* 
T6 28.21 ± 1.30 23.37 -17.18* 
T7 31.38 ± 6.54 20.11 -35.93* 
T8 26.81 ± 0.78 22.62 -15.62* 
T9 31.09 ± 9.75 22.34 -28.15 
T10 24.47 ± 1.25 20.14 -17.67* 
T11 29.56 ± 8.08 25.44 -13.94 
T12 28.89 21.7 -24.91 
T13 27.06 22.6 -16.51 
L1 29.37 23.13 -21.25 
L2 22.28 20.7 -7.11 
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Table 17. Trabecular Percent Bone Volume is Increased in cho Mouse Vertebrae. 
Micro-CT structural index of trabecular percent bone volume, BV/TV, is reported for 
vertebrae C3-L2 as mean ± SD for control mice and homozygous cho mouse. Standard 
deviations are presented where possible. Asterisks indicate cho mouse values that are 
outside of the 95% confidence intervals for heterozygous and wildtype values. Control n 
= 2, cho n = 1 for vertebrae C3-T11 and control n = 1, cho n = 1 for vertebrae T12-L2. 
Site (Vertebra) BV/TV [%]   % Difference 
  Control cho   
C3 16.08 ± 6.40 21.96 36.55 
C4 14.42 ± 5.28 19.18 33.00 
C5 12.26 ± 3.01 18.16 48.13* 
C6 12.17 ± 0.11 22.89 88.19* 
C7 9.88 ± 2.14 29.85 202.01* 
T1 10.28 ± 3.95 24.24 135.93* 
T2 9.23 ± 3.74 28.39 207.43* 
T3 9.37 ± 2.02 28.21 201.09* 
T4 11.69 ± 0.90 25.56 118.59* 
T5 10.53 ± 1.33 27.25 158.69* 
T6 11.07 ± 1.96 34.59 212.39* 
T7 11.62 ± 1.06 25.00 115.22* 
T8 11.09 ± 0.49 20.78 87.30* 
T9 15.03 ± 6.12 19.95 32.73 
T10 13.83 ± 3.93 19.61 41.75* 
T11 13.65 ± 2.69 27.78 103.53* 
T12 12.00 30.62 155.09 
T13 15.38 20.63 34.18 
L1 16.43 23.93 45.65 
L2 11.04 14.90 34.98 
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Table 18. Trabecular Thickness is Increased in cho Mouse Ribs. Micro-CT structural 
index of trabecular thickness, Tb.Th, is reported for ribs T1-T13 as mean ± SD for 
control mice and homozygous cho mouse. Standard deviations are presented where 
possible. Asterisks indicate cho mouse values that are outside of the 95% confidence 
intervals for heterozygous and wildtype values. Control n = 2, cho n = 1 for rib T1-T9 
and control n = 1, cho n = 1 for rib T10-T13. 
Site (Rib) Tb.Th [µm]   % Difference 
  Control cho   
T1 12.64 ± 2.01 17.3 36.90* 
T2 12.82 ± 5.29 22.05 72.01* 
T3 11.77 ± 0.18 18.23 54.9* 
T4 13.31 ± 3.64 25.72 93.27* 
T5 15.59 ± 2.39 21.65 38.91* 
T6 13.32 ± 1.10 23.09 73.32* 
T7 15.86 ± 2.71 25.18 58.75* 
T8 11.62 ± 3.49 17.28 48.71* 
T9 11.08 ± 3.20 16.02 44.63* 
T10 9.69 21.11 117.99* 
T11 10.32 14.92 44.62 
T12 9.77 17.18 75.86* 
T13 11.67 15.6 33.69 
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Table 19. Trabecular Number is Generally Increased in cho Mouse Ribs. Micro-CT 
structural index of trabecular number, Tb.N, is reported for ribs T1-T13 as mean ± SD for 
control mice and homozygous cho mouse. Standard deviations are presented where 
possible. Asterisks indicate cho mouse values that are outside of the 95% confidence 
intervals for heterozygous and wildtype values. Control n = 2, cho n = 1 for rib T1-T9 
and control n = 1, cho n = 1 for rib T10-T13. 
Site (Rib) Tb.N [1/mm]   % Difference 
  Control cho   
T1 10.06 ± 0.14 15.74 56.46* 
T2 17.90 ± 1.41 18.89 5.56 
T3 14.36 ± 2.55 18.58 29.43* 
T4 11.80 ± 0.10 15.13 28.22* 
T5 12.38 ± 1.75 22.64 82.88* 
T6 12.41 ± 0.18 18.15 46.25* 
T7 16.48 ± 1.58 15.98 -3.03 
T8 16.36 ± 0.51 17.68 8.07* 
T9 15.01 ± 1.85 18.22 21.43* 
T10 14.8 19.64 32.7 
T11 16.39 17.94 9.46 
T12 15.83 16.34 3.22 
T13 16.84 13.25 -21.32 
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Table 20. Trabecular Separation is Decreased in cho Mouse Ribs. Micro-CT 
structural index of trabecular separation, Tb.Sp, is reported for ribs T1-T13 as mean ± SD 
for control mice and homozygous cho mouse. Standard deviations are presented where 
possible. Asterisks indicate cho mouse values that are outside of the 95% confidence 
intervals for heterozygous and wildtype values. Control n = 2, cho n = 1 for rib T1-T9 
and control n = 1, cho n = 1 for rib T10-T13. 
Site (Rib) Tb.Sp [µm]   % Difference 
  Control cho   
T1 42.76 ± 2.19 40.95 -4.22 
T2 48.44 ± 1.33 40.38 -16.64 
T3 58.70 ± 16.59 44.06 -24.94 
T4 65.75 ± 1.28 42.22 -35.79* 
T5 57.02 ± 2.20 20.72 -63.66* 
T6 57.64 ± 1.75 19.09 -66.89* 
T7 47.46 ± 11.25 37 -22.04 
T8 37.07 ± 9.57 29.75 -19.74 
T9 45.38 ± 20.19 30.34 -33.14 
T10 37.12 25.6 -31.05 
T11 29.97 24.2 -19.24 
T12 38.27 32.37 -15.42 
T13 29.94 25.76 -13.97 
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Table 21. Trabecular Percent Bone Volume is Increased in cho Mouse Ribs. Micro-
CT structural index of trabecular percent bone volume, BV/TV, is reported for ribs T1-
T13 as mean ± SD for control mice and cho mouse. Standard deviations are presented 
where possible. Asterisks indicate cho mouse values that are outside of the 95% 
confidence intervals for heterozygous and wildtype values. Control n = 2, cho n = 1 for 
rib T1-T9 and control n = 1, cho n = 1 for rib T10-T13. 
Site (Rib) BV/TV [%]   % Difference 
  Control cho   
T1 12.79 ± 2.34 19.93 55.86* 
T2 11.29 ± 1.72 19.6 73.63* 
T3 14.77 ± 2.44 15.65 5.99 
T4 12.90 ± 1.27 33.78 161.9* 
T5 13.50 ± 2.17 29.01 114.9* 
T6 13.20 ± 0.02 21.92 66.02* 
T7 15.06 ± 6.30 15.07 0.02 
T8 13.50 ± 3.76 17.94 32.89 
T9 13.03 ± 3.58 19.89 52.67* 
T10 14.65 20.35 38.9 
T11 18.65 26.77 43.49 
T12 15.7 28.06 78.76 
T13 10.32 15.37 49 
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Table 22. Trabecular Thickness is Altered in cho Mouse Craniofacial Bones. 
Trabecular thickness, Tb.Th, is reported for select bones of the skull of control and 
homozygous cho mice. Bones are grouped by both type of ossification, either 
endochondral (Endo) or intramembranous (Intramem) and developmental tissue of origin, 
either mesoderm (Meso) or cranial neural crest cell (CNC). Control n = 1, cho n = 1. 
Site Tb.Th [µm]   % Difference Ossification Origin 
 Control cho    
Basioccipital 8.39 11.73 39.76 Endo Meso 
Exoccipital 9.78 13.36 36.64 Endo Meso 
Parietal 10.8 17.02 57.63 Intramem Meso 
Mandible 21.53 14.11 -34.47 Intramem CNC 
Frontal 18.34 14.93 -18.59 Intramem CNC 
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Table 23.  Trabecular Number is Altered in cho Mouse Craniofacial Bones.  
Trabecular number, Tb.N, is reported for select bones of the skull of control and 
homozygous cho mice. Bones are separated by both type of ossification, either 
endochondral (Endo) or intramembranous (Intramem) and developmental tissue of origin, 
either mesoderm (Meso) or cranial neural crest cell (CNC). Control n = 1, cho n = 1. 
Site Tb.N [1/mm]   % Difference Ossification Origin 
 Control cho    
Basioccipital 11.4 18.78 64.74 Endo Meso 
Exoccipital 25.7 15.15 -41.05 Endo Meso 
Parietal 10.76 21.79 102.51 Intramem Meso 
Mandible 16.43 14.69 -10.59 Intramem CNC 
Frontal 18.26 11.99 -34.34 Intramem CNC 
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Table 24.  Trabecular Separation is Altered in cho Mouse Craniofacial Bones.  
Trabecular separation, Tb.Sp, is reported for select bones of the skull of control and 
homozygous cho mice. Bones are separated by both type of ossification, either 
endochondral (Endo) or intramembranous (Intramem) and developmental tissue of origin, 
either mesoderm (Meso) or cranial neural crest cell (CNC). Control n = 1, cho n = 1. 
Site Tb.Sp [µm]   % Difference Ossification Origin 
 
Control cho 
   
Basioccipital 18.66 20.73 11.08 Endo Meso 
Exoccipital 17.47 18.92 8.35 Endo Meso 
Parietal 26.95 18.77 -30.36 Intramem Meso 
Mandible 29.01 25.05 -13.67 Intramem CNC 
Frontal 26.82 21.3 -20.57 Intramem CNC 
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Table 25. Trabecular Percent Bone Volume is Altered in cho Mouse Craniofacial 
Bones.  Trabecular percent bone volume, BV/TV, is reported for select bones of the skull 
of control and homozygous cho mice. Bones are separated by both type of ossification, 
either endochondral (Endo) or intramembranous (Intramem) and developmental tissue of 
origin, either mesoderm (Meso) or cranial neural crest cell (CNC). Control n = 1, cho n = 
1. 
Site BV/TV [%]   % Difference Ossification Origin 
 Control cho    
Basioccipital 9.56 22.02 130.28 Endo Meso 
Exoccipital 25.13 20.24 -19.47 Endo Meso 
Parietal 11.61 37.09 219.36 Intramem Meso 
Mandible 35.37 20.72 -41.43 Intramem CNC 
Frontal 33.5 17.9 -46.57 Intramem CNC 
 
  
 
